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ABSTRACT

Annex V of MARPOL 73/78 is regarded as an important
instrument for reducing the amounts of plastics and other debris
discarded into the ocean. Estimates of the aggregate quantities
of garbage discarded are outdated, however, and represent only
order of magnitude efforts. In this paper, the authors present
updated estimates of the amounts of plastics and other debris
generated in the U.S. maritime sectors.

The analysis covers both public and private sectors,
including merchant marine vessels active in U.S. trade;
commercial fishing vessels; recreational boats: research and
industrial vessels; U.S. Navy, Coast Guard, and Army ships; and
vessels and structures associated with offshore oil and gas
operations. Current disposal practices as well as disposal
practices under Annex V are analyzed and used to develop
estimates of how the disposition of garbage generated at sea,
i.e., the amounts dumped overboard, brought back to shore for
disposal, and incinerated, will change under the new
regulations.

INTRODUCTION

Two questions which underlie the debate over the U.S. ratification of
MARPOL Annex V are: (1) How much garbage is being dumped overboard from
vessels? and (2) What effect would the specific restrictions contained
in Annex V have on the overall marine debris problem? Throughout the
numerous congressional hearings which led up to U.S. ratification, only
one source of aggregate data, a 1975 study by the National Academy of
Sciences (NAS), was identified which addressed these questions. That
study, however, examined the entire world fleet and included sources of
debris which will not be regulated by Annex V (Table 1). It also made no
attempt to account for actual disposal practices, reporting instead on the
quantities of garbage "potentially" dumped (NAS 1975).

The present study utilizes current information for the U.S. maritime
sectors to develop current and more comprehensive estimates of garbage
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Table 1.--Global marine litter estimates
(National Academy of Science 1975).

Garbage types and sources Ton/year Percent

Sources regulated under MARPOL Annex V
Crew-related wastes

Merchant marine 11,000 1.8
Passenger vessels 2,800 0.4
Commercial fishing 34,000 5.4
Recreational boats 10,300 1.6
Military 7,400 1.2
0il drilling and platforms _ 400 0.1
Commercial wastes
Merchant cargo wastes or dunnage 560,000 89.5
Annex V subtotal 625,900 100.0
Sources not regulated under MARPOL Annex V
Fishing gear loss 100 1.0
Loss due to catastrophe® 10,000 99.0
Non-Annex V subtotal 10,000 1000.0
Total 636,000 100.0

®Includes debris from shipwrecks or marine storms.

quantities. The main components of the model are: vessel populations,
entrances to U.S. ports, crew sizes, garbage generation factors, and plas-
tics as a percent of total garbage. It also fills a gap left in previous
studies by addressing historical shipboard disposal practices and changes
in practice expected to result from implementation of Annex V. It must be
noted, however, that few direct measurements of garbage generation and
disposal practices exist. The methodological improvements offered in this
study are based on updated data where they exist, and on substantial anec-
dotal information collected throughout the course of broader regulatory
studies of MARPOL Annex V (Eastern Research Group (ERG) 1988a, 1988b).

The study first reviews information related to the sources, types,
and quantities of garbage generated in the various maritime sectors. Data
on per capita garbage generation, crew size, voyage length, and annual
ship utilization factors are used to derive estimates of per voyage, per
vessel, and annual aggregate garbage quantities generated. Estimates are
made for the following sectors:

e Merchant shipping.

o Commercial fishing.
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¢ Commercial passenger vessels.

* Recreational boating.

e Offshore o0il and gas operations.

®* Research and other miscellaneous vessels. .

U.S. Navy, Coast Guard, Army, and other government vessels,

An analysis of historical garbage disposal practices in these sectors
is used to estimate the pre-Annex V garbage quantities dumped overboard,
brought back to shore for disposal, or burned in marine incinerators.

Under MARPOL Annex V, ships may be forced to alter their current disposal
pPractices. An analysis of options available for compliance with Annex V is
used to derive the post-Annex V disposition of vessel garbage.

GARBAGE ESTIMATION PARAMETERS
This section reviews the types and quantities of garbage generated in
the maritime sectors. This information is combined with data on vessel
populations, crew sizes, and voyage lengths from the supporting statistical
section to produce estimates of the per voyage, per vessel, and aggregate
annual garbage quantities generated.

Types of Garbage Generated

Several types of garbage are generated by vessels operating at sea.
In this study, "domestic" garbage refers to general garbage such as galley
refuse (food wastes, food packaging materials) and garbage from the hotel
areas of the vessel (discarded items such as smoking materials and packag-
ing, shampoo bottles, and razors). Wastes associated with normal ship
operations, such as rags and containers, are also included. Some vessels
generate an additional amount of "commercial" waste. Examples include
cargo dunnage, spent fishing gear, and disposable or single-use oceano-
graphic research instruments. These are discussed separately.

Domestic Wastes

Several sources of information on the quantities of garbage generated
by ships are available. A series of studies done for the Intergovernmental
Maritime Consultative Organization, the predecessor to the International
Maritime Organization (IMO), are judged to represent the best available
estimates (IMO 1987). These rates, representing per capita daily
quantities, were reported as follows:

e Harbor vessels--1.0 kg (2.2 1b).
¢ Inland and coastal vessels--1.5 kg (3.3 1b).
* Oceangoing cargo vessels--2.0 kg (4.4 1b).

¢ Oceangoing cruise vessels--2.4 kg (5.3 1b).
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As shown, the rates vary depending upon the type of vessel and where the
vessel operates.

These rates appear consistent with those obtained elsewhere. The U.S.
Navy, for example, examined garbage generation aboard naval ships in 1971
(Naval Ship Engineering Center 1971) and again in 1988 (L. Koss and Lt.
Mullenhard, U.S. Navy, pers. commun. 1988), and reported estimates of 1.39
and 1.43 kg/person/day (3.05 and 3.15 1b), respectively. On land, the U.S.
Environmental Protection Agency (EPA) estimates that each person generates
an average of 1.82 kg (4.0 1b) of garbage per day (National Solid Waste
Management Association (NSWMA) n.d.). Thus, the rates from the IMO studies
appear consistent with those obtained elsewhere.

In this study, the IMO rates for oceangoing cargo and cruise vessels
are applied respectively to cargo and pPassenger vessels which operate over
the open ocean. The IMO rate for inland and coastal vessels is applied to
crafts which travel inland or along the coastline.

Commercial Wastes

Several classes of vessels generate wastes associated with their
commercial activities. These wastes are distinct from any operational
wastes generated through normal vessel repair and maintenance activities,
which are included under the category of domestic wastes,

Commercial cargo wastes or dunnage.--The term "dunnage" covers
materials such as timber, plywood, pallets, rope, and plastic sheeting used
to protect, separate, and secure cargo carried in break-bulk form. 1In the
study (NAS 1975), these types of cargo wastes dominated the aggregate waste
quantity estimates (Table 1). Since the mid-1970's, however, the trend
towards containerization, and changes in cargo handling methods, are
believed to have greatly reduced the amount of dunnage used. Cargo carried
by containerships or other types of intermodal ships (barge carriers, roll-
on/roll-off) is generally unloaded for transshipment in port without being
disturbed. According to officials of the American Institute of Merchant
Shipping, therefore, the "vast majority" of cargo ships now produce no
dunnage waste (J. Cox, American Institute of Merchant Shipping, pers.
commun. 1988).

The quantities and types of dunnage still used in general cargo trade
vary, and depend upon the type of cargo being carried. Break-bulk ship-
ments of food products, for example, use mainly cardboard for separation
and protection of the cargo. For a highly explosive shipment of ammuni-
tion, however, extensive wooden encasements are constructed to protect
against movement of the cargo. In such cases, tens of thousands of board
feet of lumber may be used. Palletized cargoes may be shrink-wrapped and
secured with steel or plastic strapping, but these are not normally removed
~ prior to final delivery at the customer’s facilities. Lumber and plywood
are the most common materials used.

Marine terminal operators familiar with the loading and unloading of
break-bulk ships indicate that very little plastic waste is generated. One
reported use for plastic is to capture leaks of moisture or hydraulic
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fluids in the vessel'’'s cargo hatches. This plastic would likely be removed
when the vessel is being unloaded. As indicated, plastic shrink-wrap is
used with palletized cargo, but this is generally not removed either on
board the ship or in port.

Estimates of per-vessel and aggregate dunnage quantities are difficult
to make based upon the limited data. The study (NAS 1975) estimated that
general cargo ships generate up to 285 tons of dunnage per year. This
estimate contrasts significantly with information provided by marine
terminal operators and shipping interests. Due largely to the trend
towards containerization of cargo, there appears to be much less dunnage
used today. Relying on current reports, this study assumes that two-thirds
of the general cargo vessels entering U.S. ports generate dunnage in the
form of lumber, one third generate only cardboard, and that 10% generate
plastic waste. The quantities used are estimated as follows:

e Lumber--48.6 m® (approximately 20,000 board ft) per vessel
entrance.

e Cardboard--23.6 m® (30 yd®) per vessel entrance.

e Plastic--assumed to be generated by only 1 of every 10 break-
bulk ships entering U.S. ports, in minimal quantities of 0.12

o’ (4.0 ft?) per entrance.

As the estimates presented later will show, under these assumptions the
amount of waste generated by general cargo ships represents only a small
proportion of the total garbage volume regulated by Annex V. Furthermore,
overall estimates of plastics are not particularly sensitive to assumptions
regarding dunnage volumes.

Fishing gear wastes.--Commercial fishing activity also contributes to
the problem of marine debris, and to plastics in particular. Whether trawl
gear, set nets, or lines are being used, occasional fouling of equipment,
such as the tearing or twisting of nets and lines, will occur. During
repair, portions of nets, excess line, floats, and other gear wastes may be
generated. = All such materials are nowadays made of synthetics, and are
prohibited from disposal under Annex V. In addition to these items, sub-
stantial quantities of fishing gear are also lost accidentally. Annex V,
however, does not cover this category of debris, hence no estimates are
made here.

Limited information is available on the amounts of gear waste gener-
ated. The Foreign Fisheries Observer Program, National Marine Fisheries
Service (NMFS) has monitored fishing gear repair operations on board
foreign vessels active in Alaskan waters. Berger and Armistead (1987)
analyzed data from this program and found that fishing gear repair opera-
tions took place about once every 4.9 days. The U.S. vessels active in the
same fisheries report a similar incidence of gear repair (J. Gnagey, Alaska
Trawl Fisheries, pers. commun. 1988; Z. Grader, Pacific Coast Federation of
Fishermen's Associations, pers. commun. 1988). Discarded webbing was found
to be typically small, with only 21.2% of pieces deemed to be "of a mesh
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size or area thought most likely to entangle marine mammals" (Berger and
Armistead 1987). Some 57.9% of discarded pieces consisted of "primarily
loose strands of twine or pieces with a mesh size of less than 100 mm. "

Working with these data, the amount of gear waste generated over a
typical cruise is estimated to be relatively small. Assuming that (1) the
average piece of webbing produced during net repair is 1 m?, (2) webbing is
composed of 15 mm diameter twine (Uchida 1985), and (3) the incidence of
net repair and discard is twice per week, than the volume of waste gener-
ated over even a 30-day fishing expedition would amount to just over 0.12

m? (4 £ft®) of net material (ERG estimates).

Evidence suggests that these estimates from the Alaskan fisheries may
represent an upper bound on the frequency and amount of fishing gear waste
discarded. Beach surveys have found the concentration of fishing gear
waste off the Alaskan islands to be among the highest noted anywhere (e.g.,
Merrell 1985). Discussions with fishery representatives elsewhere in the
United States have indicated that net repair operations while at sea are
relatively less common. Moreover, net fragments and floats in other fish-
eries are reported to be retained on board for use in repair operations,
rather than discarded. Spare nets may also be carried in order to avoid
at-sea repairs completely (ERG 1988a, 1988b). 1In this study, it is assumed
that the average volume of fishing gear waste generated in all U.S. fisher-
ies is half of that calculated for Alaska. An estimate of 0.03 nm® (1 fta)
of gear waste per week at sea is assumed.

Nongear fishing wastes.--Certain fisheries produce additional quanti-
ties of wastes due to their use of specialized fishing techniques. These
include longline fishing, which uses packaged bait (B. Alverson, Longliner
Vessel Owners Association, pers. commun. 1988), and the herring fishery,
which utilizes quantities of packaged salt (J. Kaelin, Associated Fisheries
of Maine, pers. commun. 1988). Longline bait is sold frozen, with packages
wrapped in plastic, packed in cardboard boxes, and secured with plastic
strapping. Chemical light or Cyalume sticks are also used to attract fish.
These sticks, about the size of a pencil, are themselves made of plastic.
Salt used in the herring fishery comes in large plastic bags.

Available estimates of marine waste disposal do not address this
source of waste. The Center for Environmental Education (CEE) reports that
longline gear is used in at least five different fisheries (CEE 1986), and
that longline vessels can bait up to 5,000 hooks per day. In order to
capture the additional wastes produced by vessels in these fisheries, it is
assumed in this study that they generate twice the normal volume of fishing
gear waste.

Research vessel wastes.--Research vessels may generate additional
plastic wastes in the form of packing materials from research instruments
brought on board, and from disposable measuring instruments used in moni-
toring oceanic experiments. Based on discussions with representatives at
various research institutions, an additional 0.12 m® (4 £t®) of Plastic
waste per voyage is assumed.
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Dry Versus Wet Garbage

The nature of the MARPOL Annex V regulations makes it necessary to
estimate separately the amounts of "wet" garbage (food waste) and "dry"
garbage generated. Many vessels are expected to separate plastics from
their dry garbage and then dispose of the remainder while in areas where no
Annex V restrictions apply. Some, however, may have to retain all dry
garbage for onshore disposal (and even wet garbage, in some cases) depend-
ing on whether they operate in Annex V "special areas" or in coastal waters.
(Special areas currently include the Mediterranean Sea, Baltic Sea, Red Sea,
Black Sea, and Persian Gulf Areas; Table 2.)

The dry garbage component of the overall solid waste stream is esti-
mated based on the recent U.S. Navy study (Koss and Mullenhard, pers.
commun. 1988). 1In this study, dry garbage accounted for 59.4% of domestic
waste by weight, while wet garbage accounted for 40.6%. These percentages
are similar to those found in the earlier, more extensive Navy studies,
where the dry garbage component was estimated at 43.6%.

Plastics as a Percentage of Total Wastes

Annex V places a complete prohibition on the overboard disposal of
plastics. Estimates of the percentage of the overall vessel waste stream
accounted for by plastics are needed in order to develop projections of the
quantity of garbage that may be brought back to shore for disposal.

The EPA estimates that plastics represent 6.5% (by weight) of all
household and commercial solid waste on land (NSWMA n.d.). The relevance
of this estimate to vessel operations is uncertain, however, because of
likely differences in the types of waste generated at sea. In the national
EPA estimate, paper and paperboard waste makes up 42% of the total, and
yard waste accounts for another 16%. Garbage generated at sea is likely to
contain much less paper waste and no yard waste. Under these assumptions,
plastics would represent a larger share of the waste stream at sea than it
would on land. At the same time, though, national estimates would include
discards of durable plastic objects and industrial plastic waste, very
little of which is generated at sea.

Studies done by the U.S. Navy in 1971 (Naval Ship Engineering Center
1971) and 1988 (Koss and Mullenhard, pers. commun. 1988) represent the only
direct estimates of plastic wastes based on actual operating experience.

In 1971, plastics were found to account for only 0.3% of total garbage by
weight. This study covered numerous vessels and was used by the NAS in
their estimates (NAS 1975). 1In 1988, however, the Navy found that the
plastics share of total garbage weight had risen to 6.7%--an apparent
twentyfold increase. It must be noted that the more recent study is based
on an analysis of a single Navy vessel operating over a short (32-h)
cruise. Thus, the figures may not be representative.

In reviewing the data from the Navy studies, the question of potential
differences in plastics usage between Navy and other vessels arises. Navy
vessels carry extensive electronic equipment on board which may be wrapped
in plastic "bubble" wrap and other cushioning materials. This source of
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Table 2.--Summary of MARPOL Annex V restrictions
(International Maritime Organization 1987).

All vessels

Offshore platforms and
associated vesselsP

Outside Within

Garbage type special areas® special areas®

Plastics Disposal Disposal Disposal
prohibited prohibited prohibited
Floating dunnage, >25 nmi Disposal Disposal
lining and from land prohibited prohibited
packing
materials
Paper, rags, >12 nmi Disposal Disposal
glass, etc., from land prohibited prohibited
not ground
Paper, rags, glass, >3 nmi Disposal Disposal
etc., ground® from land prohibited prohibited
Food waste, not >12 nmi Disposal Disposal
ground from land prohibited prohibited
Food waste, >3 nmi >12 nmi >12 nmi
ground® from land from land from land
Mixed refuse types (d) (d) (a)

‘Annex V special areas include the Mediterranea

n, Baltic, Red, and Black

Seas, and the Persian Gulf Areas.

Poffshore platforms and associated vessels include all fixed or floating
platforms engaged in exploration or exploitation and associated offshore
processing of seabed mineral resources, and all vessels alongside or within
500 m of such platforms.

‘Ground waste must be able to pass through a screen with mesh size no
larger than 25 mm (0.1 in).

Y%When garbage is mixed with other harmful substances having different
disposal or discharge requirements, the more stringent disposal requirements
shall apply.

plastics is not generally present on board other types of vessels. Second,
considerably more at-sea repair occurs on board Navy ships than aboard
merchant marine or fishing vessels. Tools and replacement parts may be
packaged in plastic, and parts themselves may be plastic. Wire and cable
have plastic insulation. On the other hand, due to the large crew sizes,
food supplies on board Navy vessels are generally purchased in bulk. The
reduced packaging associated with this bulk purchasing would suggest smaller
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plastic generation rate. Navy vessels may, therefore, generate more plastics

from operational sources, but less from galley refuse.

In the absence of any conclusive evidence on the amount of plastics
contained in the ship’s waste stream, the results from the most recent
Navy study (Koss and Mullenhard, pers. commun. 1988) have been used. This
study indicates that plastics represent 6.7% of all wet and dry solid
waste, and 11.3% of dry solid waste, by weight. Additional studies of
this nature relative to shipping and other maritime sectors would
certainly be welcome.

Garbage Densities

Further analysis of garbage generation patterns requires estimates of
the density of garbage. These are needed in order to convert the weight
of a given accumulation of garbage to volume terms. At sea, it may be the
volume of garbage, rather than its weight, that figures in decisions
regarding disposal options.

Table 3 shows estimates of garbage density for shipboard types of
garbage. It will be noted that no sources of data specific to plastics
were identified. Studies done for the State of New York by Franklin Asso-
ciates (V. Sellers, Franklin Associates, pers. commun. 1988) found that
1,000 kg (2,200 1b) of uncompressed plastic soda containers had an average
volume of 20.8 m® (325 ft®), suggesting a density of 48.1 kg/m’ (3.07
1b/ft®). Navy officials, however, have suggested that a much lower
density of 15.4 kg/m® (1 1b/ft®) is appropriate (Koss and Mullenhard,
pers. commun. 1988). This would imply that plastics used on board ship
weigh one-third as much as much as empty soda bottles--an apparently
generous volume estimate. 1In the absence of any data specific to ships,
however, the Navy’s estimate of 15.4 kg/m3 (1 1b/ft3) is incorporated.
Again, this estimate is the more generous of those available in terms of
estimating the volume of plastics generated on board.

Table 3.--Estimates of density for shipboard-generated garbage.

Density
Source of estimate and garbage type kg/m® 1b/ft?
Society of Naval Architects
and Marine Engineers (1982):
Dry rubbish 100.0 6.3
Dry garbage 120.0 7.5
Refuse, 70% wet 640.0 40.0
Food waste 400 to 1,000 25.0 to 68.8

Gassan (1978):

Hotel solids 277.0 17.2
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Table 4 summarizes the numerous estimates and assumptions used in
calculating garbage weights and volumes. The reader should note that
densities are calculated for each of the different components of mixed
garbage. Any conversions from garbage weight to volume made in this study
must be considered, therefore, in the context of the density values used.

GARBAGE HANDLING AND DISPOSAL PRACTICES -
BEFORE AND AFTER MARPOL ANNEX V

This section summarizes the more substantial review of garbage
handling and disposal practices contained in ERG (1988b). Estimates of
the percentage of vessels using each of the various garbage handling and
disposal methods, both historically and under Annex V, are used to evaluate
the disposition of the aggregate garbage quantities under pre- and post-
Annex V assumptions.

Pre-Annex V Garbage Handling and Disposal Practices

The historical methods employed by shipboard crews to dispose of
garbage provide a basis for determining the current disposition of the
garbage generated on board, i.e., how much is discarded overboard, how much
brought back to shore for disposal, and how much is burned in onboard
incinerators.

In most sectors, garbage handling practices vary depending on where
the ship operates. Over deep-sea routes, garbage is typically collected
throughout the ship and discharged daily. Closer to shore, crews are more
likely to retain garbage for onshore disposal. The historical practice
of ocean dumping while out at sea has been confirmed in most sectors. A
representative of the American Institute of Merchant Shipping, for instance,
states that: “"Generally aboard merchant vessels on the high seas, waste
generated as a result of vessel operations and deck maintenance is disposed
of directly overboard" (Corrado 1986).

The predominance of ocean disposal is also indicated by statistics
kept by the Department of Agriculture’s Animal and Plant Health Inspection
Service (APHIS). This agency requires ships entering the United States
from foreign ports to incinerate, sterilize, or otherwise sanitize any
garbage prior to disposing of it on shore. The APHIS inspection records
for fiscal year 1986, for example, show that only 2.5% of vessels entering
the United States from foreign ports off-loaded any garbage (A. Langston,
U.S. Department of Agriculture, pers. commun. 1988).

Most commercial fishing groups also acknowledge that garbage dumping
has traditionally been the most widely used means of getting rid of any
trash which accumulates.

The use of garbage handling equipment such as grinders, compactors, or
incinerators has not been widespread in the maritime sectors. Only some
newer ships are equipped with such equipment. Until now, overboard dis-
posal while well out at sea has been the most convenient and inexpensive
method available. Based on discussions with operators in the merchant
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Table 4.--Assumptions and estimates used
in garbage generation calculations.

Domestic garbage generation rates (International Maritime Organization

1987)

Per capita per day
Vessel category kg ~1b
Oceangoing 2.0 4.4
Coastal 1.5 3.3
Inland/harbor 1.0 2.2
Passenger cruise 2.4 5.3

Fishing waste generations rates (Eastern Research Group estimates)

Per vessel per day

Vessel category m’ kg £ 1b
Normal vessels 0.004 0.064 0.140 0.140
Longliners, etc. 0.008 0.127 0.280 0.280

Domestic waste components, by weight (Koss and Mullenhard, pers. commun.

1988)

As percent
of all garbage

As percent
of dry garbage

Garbage type by weight by weight

Wet (food waste) 40.6 --

Dry (nonfood waste) 59.4 100.0
Plastic 6.7 11.3
Glass 4.1 6.9
Metal 13.0 21.9
Rubber 0.3 0.5
Paper, other 35.2 59.3

Garbage density (Society of Naval Architects and Marine. Engineers 1982),
except for plastic density, which was suggested by Navy personnel

Garbage type kg /m’ m/kg 1b/ft3 ££3/1b
Total garbage 174.2 0.006 10.89 0.10
Dry garbage 100.0 0.010 6.30 0.16
Food waste 640.0 0.002 40.00 0.03
Plastics 16.0 0.063 1.00 1.00
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marine, commercial fishing, and government sectors, it is assumed here that
for most ships, overboard disposal is the predominant method used.

Vessels which spend more time operating close to shore are less likely
to rely on overboard disposal. There are several possible reasons for
this: Laws and regulations may already prohibit dumping in such areas;
vessels are away from port for shorter periods and thereby generate less
garbage; or operators may be conscious about dumping close to shore.
Several categories of vessels have been identified as using alternative
disposal means. These include segments of the coastal trade fleet, tug and
towboat operators, recreational boaters, offshore oil and gas operations,
some industrial and research vessels, and some Coast Guard vessels.

Post-Annex V Garbage Handling and Disposal Practices

Under MARPOL Annex V, vessel operators may have to implement changes
in garbage handling procedures in order to achieve compliance with the
requirements of the regulations. The actions taken by an individual
operator will depend upon a number of factors, including (1) where the
vessel operates and the specific restrictions of Annex V which apply in
those areas, (2) the quantities and types of garbage generated by each
vessel, and (3) the cost and noncost factors which influence the selection
of compliance methods.

Each vessel owner or operator will evaluate his operations relative to
the requirements of MARPOL Annex V. Table 2 presented a summary of the
restrictions introduced by Annex V for the various types of garbage. Dis-
posal of plastics is prohibited everywhere, and disposal of other types of
wastes is restricted for vessels operating near shore. Vessels operating
in special areas are prohibited from disposing of anything except food
wastes, and then only beyond 12 mi from shore. A separate set of rules
apply to offshore o0il and gas operations.

Alternative compliance options have been analyzed in terms of their
relative costs and conveniences in the regulatory analysis prepared for the
Coast Guard (ERG 1988b). Among the compliance methods examined were:
substitution of plastics, storage of garbage for onshore disposal, use of
compactors to reduce garbage volumes, with subsequent disposal on shore,
and installation of onboard garbage incinerators. The model used for
comparing these alternatives took into account all of the relevant costs
associated with each option, including the volumes and types of garbage
generated; equipment, installation, and operating costs; the opportunity
costs of current garbage handling and disposal procedures (i.e., not paying
crews to dump garbage); and costs associated with off-loading and disposing
of garbage in port.

The cost comparison model shows that for most vessels, onboard separa-
tion and storage of plastic garbage, with eventual disposal in port, is the
least costly alternative (see ERG 1988b). As the garbage generation tables
below will show, the quantities of plastics generated by most vessels would
not present extreme storage difficulties. Where garbage volumes may cause
inconveniences or storage problems, compactors can be used to reduce the
volumes.
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Several factors not captured by the cost comparison may steer vessel
operators towards more costly compliance methods. 1f, for whatever reason,
vessels anticipate the accumulation of large quantities of garbage on
board, they may consider methods that reduce or eliminate this burden, even
if it increases their costs. Operators may be concerned about situations
where onshore garbage disposal would not be possible for extended periods
of time, due to delays or the inability to obtain removal service in port.
Finally, the cost comparisons do not consider issues caused by operations
in special areas, where additional restrictions on the disposal of garbage
will apply.

When both the cost and noncost issues are considered, most smaller
vessels are still projected to choose separation and storage of garbage
which they will no longer be able to dump overboard. Extensive use of
onboard garbage compaction equipment is forecast, however, for larger
commercial fishing vessels and for a majority of domestic trade merchant
ships. Such equipment will be used to reduce the volume of garbage
retained on board and to facilitate handling and disposal in port. Equip-
ment manufacturers indicate that equipment suitable for onboard use can
achieve a compaction ratio of between 500 and 1,000%, although for pure
plastics the ratio is lower unless the material is first shredded. Only
ships in the merchant shipping foreign trade category and some larger
research and passenger ships are expected to select onboard incinerators.
In the case of foreign trade vessels, the decision to invest in inciner-
ators will not be based simply on economics, as incinerators represent the
most expensive means of compliance, but rather upon the increased conve-
nience afforded to the vessel. Time spent in port is extremely costly,
thus incinerators may be viewed as "insurance" against the possibility of
being delayed due to difficulties in obtaining garbage disposal services.
It must be noted, however, that current or future air pollution standards
for marine incinerators could greatly increase the cost of this option.

Special mention should be made of the solution expected to be adopted
by U.S. Navy ships. As shown below, the Navy has particular garbage
disposal problems due to the large number of crewmen on board. According
to the most recent reports, Navy ships are expected to be outfitted with
thermal extrusion equipment specially designed for shipboard application.
This technology will enable Navy crews to melt down ‘all plastics generated
on board and extrude them into a storable form.

Pre- and Post-Annex V Garbage Disposition

Table 5 presents estimates of the pre- and post-Annex V distribution
of vessels in the merchant shipping sector according to the garbage handling
and disposal practices used. The distributions reflect ERG conclusions from
the review of disposal practices and options described above. Similar dis-
tributions have been developed for each of the maritime sectors under study,
but are not shown here.

Aggregate quantities of domestic garbage derived in the supporting
statistical section are shown in the first column of Table 6 below.
The table shows the pre- and post-Annex V disposition of these garbage
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quantities. Both the weight and volume of garbage are indicated. Weight-
to-volume conversions reflect assumptions about the types of garbage
generated and the use of compaction to reduce garbage volume. This table
shows aggregated sector totals only. A set of more detailed disposition
tables is found in the Appendix.

The first columns of Table 6 indicate the current disposition of
vessel-generated domestic garbage. The relative quantities of garbage
currently brought back to shore, incinerated, or dumped overboard vary from
sector to sector. A small amount of at-sea incineration occurs in portions
of the merchant shipping and cruise ship sectors as well as on some
National Oceanic and Atmospheric Administration (NOAA) research vessels.
The percentage of domestic garbage brought back to shore for disposal is
relatively high in the commercial passenger and recreational boating
sector. Of the 1.2 million metric tons (MT) generated in all of the
sectors, however, 566,000 MT or 45% by weight is still dumped overboard.

Under Annex V, some increased use of marine incinerators will occur,
but the percentage of domestic garbage disposed of via incineration at sea
will remain below 1%. All plastics, with the exception of that destroyed
in incinerators, will be returned to shore for disposal. The current
methodology predicts that 84,037 MT of plastics will be brought ashore for
disposal. This will account for only 9.5% of all garbage brought ashore on
a tonnage basis. Because of its low density, however, in volume terms
plastics will represent close to 75% of the waste. Restrictions on the
disposal of other types of garbage for vessels operating close to shore or
in special areas will also increase the quantity of nonplastics brought
ashore. Overall, the net increase in plastics and nonplastics brought
ashore under Annex V will be 209,663 MT.

SUPPORTING STATISTICAL ANALYSIS OF MARITIME SECTORS SUBJECT TO
COAST GUARD ENFORCEMENT OF MARPOL ANNEX V REGULATIONS

This section provides supporting data on the populations of ships
covered in this study and used to generate the estimates of aggregate
garbage generation shown in Table 6. Seven separate maritime sectors are
identified as falling under the jurisdiction of the Coast Guard under
MARPOL Annex V. These sectors are: merchant shipping, commercial fishing,
commercial passenger vessels, recreational boating, offshore oil and gas
operations, research and other miscellaneous vessels, and vessels operated
by the U.S. Government. Each of these is profiled below in terms of the
number and types of ships, onboard employment, and the frequency and dura-
tion of voyages. This information is then combined with data from earlier
sections to derive per voyage, per vessel, and aggregate annual garbage
quantity estimates for each of the sectors.

Merchant Shipping

Merchant vessels are those ships involved in the waterborne transport
of cargo and passengers over established transoceanic, coastwise, inter-
coastal, and inland water routes. Under the provisions of the Jones Act,
domestic waterborne commerce (cargoes moving between U.S. ports) is
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reserved exclusively for U.S. vessels. The U.S. import and export trade,
however, is dominated by foreign vessels. The foreign and domestic trade
sectors are discussed separately below.

Foreign Trade Vessels

According to the U.S. Maritime Administration (MARAD), the U.S.
oceangoing merchant fleet numbers approximately 823 vessels of 1,000 gross
tons (GT) and over. Of these, however, some 391 are inactive. Of the 432
active U.S. vessels, 122 or 28% are active in foreign trade. Another 54
vessels are active in Marine Sealift Command (MSC) operations, and will
have voyage patterns comparable to foreign trade ships (see Table 7).

In addition to the vessels covered by MARAD, the Coast Guard's Marine
Safety Information System (MSIS) data base shows there to be 43 vessels
under 1,000 GT that are certificated for operation over open ocean routes.
Thus, a total of 219 U.S.-flagged vessels operate over foreign trade routes.

The MARAD reports show that foreign-flagged vessels dominate the
foreign trade sector, accounting for 95.6% of all U.S. import and export
trade by tonnage (MARAD 1987b). The number of foreign vessels involved is
commensurate. Data from the Coast Guard indicate that in 1987 a total of
6,751 foreign vessels, representing 110 different shipping nations, were
inspected at U.S. ports (Coast Guard 1987b).

We assumed that vessels without incinerators will off-load all garbage
in their final foreign port of call prior to setting sail for the United
States. Under this assumption, vessels will retain on board all garbage
they are prevented from dumping, and seek to off-load it upon return to the
United States.

In order to estimate how much garbage is generated by these ships
while en route to the United States, we examined data from the U.S. Customs
Bureau's AE-975 file, Vessel Entrances and Clearances (U.S. Bureau of the
Census 1987). This data base includes information on the final foreign
port of call of vessels arriving at U.S. ports.

Four months of data (January, April, July, and October) were examined
and used to derive annual estimates. In 1987, U.S. vessels made a total of
3,969 entrances to U.S. ports, while an estimated 33,087 entrances were
made by foreign vessels. Table 8 shows a breakdown of these entrances by
U.S. coastal area and foreign region of origin. Along the Atlantic and
Gulf coasts, the largest number of entrances, 55 and 40%, respectively,
were recorded by vessels clearing Customs from Caribbean ports. Entrances
at Pacific coast ports were dominated by vessels arriving from Pacific Rim
countries (46.6%) and from Pacific Canadian ports (28.8%).

A weighted average voyage length for foreign trade vessels arriving at
U.S. ports was developed by calculating typical voyage lengths for each of
the U.S.-foreign region pairings from Table 8. The estimated voyage
lengths are based upon representative voyages from each foreign region to
the U.S. coast and an assumed vessel speed of approximately 500 nmi per




137

109 St e - 109 Gt -- -~ -- -- =" -- saye] 1Ba1)
€11 L 89 [4 - -- 9 [4 6t £ - .- (Apoasno qvdvH) dn PTE1
owe‘y LL Iw8'T 6T tLC € G80‘1 Tt <8 L 6S 9 dn p1el
0L2 L 1¢1 [/ €9 1 €€ 1 €Y € -- -- aa13oeuy A1yaerodwa]
gL'y 16 oO%0‘t  £E 9tt Y wZ1'l  S¢ 791 €1 6S 9 8uto3ueasg
vge's 92l ovo‘e €€ Lt6 6€ wel'l G€ 791 €1 65 9 paumo £133eATId
s{essaa aaf3ovul
12091 L€ 68L°T11T €61 %E6 ¢ w69‘'T TIT LSS 6€ Ly 9 39913 @9AT30B--TBI0IQNS
SL 8 L1 i -- -- -- -- 9¢ £ [43 Y Kpoasno aay3lo
pue 1931eYd dd
SL 8 LT 1 -- -- -- -- 9 € € 4 POUMO - JUAUWUIBA0)
ov8‘tT 85 0C 3 6181 S5 -- -- -- -- -- -- ST 381D
osn't  ws Wil 7 29 [A 196 61 €€l 6 - -- 1933BYD PUBUMO)
3311e9s LIBITTIN
8c0‘9 €L 609'S 6% SS [4 ne 61 81 1 ST A snon313uU0duoN
21z'y €01 T90‘'v L6 EEl S L1 1 -- -- -- -- 1®aseo0)
0sz'0T 941 T1.9°6 971 881 L 86t 0¢ 81 1 Sl [4 apel1] OF3sauwo(
€99 ¢T TLS 8 - -- L Vi -- -- -- -- ugiexo03-o03-udtairog
gL6'¢  TTT 908 %1 %89 €T €0L°'T 69 08¢ 9t -- -- epeay uldtaxo3l °S'N
Suto8uraoQ
9%6‘cT ®9€ CTLL'TT T6T %E6 Z¢  %69°‘T ¢I1  TgS 9¢ S1 z pauno A1e3eatid
syessaa 9ATAOV
ang "ON  3Ind "ON  ImaQd "ON ang "ON ang "ON amg °OoN snayeas juawfoydeq
18301 saajue] s19T1aed sTassaA o8xeo uoI3EBUTqWOD
y1nd 1epowiajul 1e1sua) /188uasseq

*(£861 UPIeW T ‘399YS ®BIE(Q PUTIBW JUBYDIISN ‘ (QVEVW) UOT3IBAISTUTUWPY SWIITIBW ‘S°[1) I3A0
pue (I9) suo3 ssoxd op0‘T ST@Ssea ‘393F Jueydisu fe13 ‘'s°n Jo snieys juswloydeq--/ a1qel



"9z9213 193ulm 8y3j o3 enp dn pre] Inq °aflde L[1ewiou sdyys sopnidul,

138

%10°6C SSL TS®'ST (% T/8'T 19 6LS'v GL1 €28'T 9¢€¢C 682 9t aAT3oeuy
pue 8AI3IOV--TBIO]
£€66°8 €8¢ €99°'t %S  L€6 6€ 688°‘T €9 992°C (61 (A7 V1% 39913
3aATIOBU]I - -TBI03IQNS
1 Y4 L [A44 € -- .- 91 1 .- .- L1 € paumo-juswuiasod 1sy3yg
ST Vi -- -- -- -- 49! Y -- - - -- Jyg 103 Bupsseooad ui
891 0 91 1 -- -- -- -- LS 9 S6 €1 uoTIUaI3IUON
£ Vi -- .- - - - -- 82 € S 1 swex8oad Teyoads
TI8'T  evl wwe 6 -- -- 661 9 9¢€‘T Tzl LS 9 aA19S531 19430
6v¢‘'T 6L 1wl 8 -- --  8¢tYw L1 199 €S 6 T (4Yd) @5303 yoaeasaa Lpeay
29Tt 9wz 10% 81 -- == £6S £l Zo1‘c %81 991 1¢ 319913 dAa1959Yy
asuajap TruolieN
699°€  LST €79 1¢ -- -~ 19¢L - 8¢ z01‘C w81 €8T %w¢ (QVIVH) POUMO-3UBWUIIA0D
ang ‘ON ang ‘ON amg CoN I ‘ON ang ‘ON amg  "OoN snjels juawloldag
1®30L siayue] s191118D ST9SS9A o31eo UoT3BUTqWOD
qIng 19powIaju] 1e13u8y /1a8ussseyq

‘PanuUI3U0)-- -/ dTqEL



139

Table 8.--Entrances to U.S. ports by U.S. and foreign vessels, and
estimated days at sea by U.S. coastal area, 1987 (U.S. Bureau of
the Census 1987; Eastern Research Group estimates).

Estimated number of entrances Estimated
U.s. voyage

coastal Foreign U.S. - Total length®

area Vessel origin vessels  vessels vessels (days)

Atlantic Caribbean 5,895 954 6,849 3
Scandinavia and N. Europe 1,497 204 1,701 9
Canada--Atlantic 963 3 966 3
Mediterranean 765 45 810 9
W. coast S. America 612 27 639 9
E. coast S. America 465 36 501 8
Pacific Rim 282 3 285 15
W. coast Africa 267 9 276 11
Australasia 126 -- 126 17
Indonesia and India 123 -- 123 16
Middle East 78 6 84 12
E. coast Africa 39 9 48 16
Canada--Great Lakes 39 -~ 39 4

Total 11,151 1,296 12,447

Weighted average
voyage length 5.7 4.6

Gulf Caribbean 3,264 474 3,738 3
W. coast S. America 1,794 249 2,043 6
Scandinavia and N. Europe 1,212 51 1,263 10
Mediterranean 645 42 687 10
Pacific Rim 435 9 444 13
W. coast Africa 327 27 354 15
E. coast S. America 267 15 282 8
Canada--Atlantic 282 -- 282 6
Australasia 99 -- 99 14
Indonesia and India 72 3 75 13
Middle East 63 3 66 12
E. coast Africa 27 9 36 10
Canada--Great Lakes 33 - 33 7
Canada--Pacific 3 -- 3 7

Total 8,523 882 9,405

Weighted average
voyage length 6.7 5.3

Pacific Pacific Rim 3,285 306 3,591 11
Canada--Pacific 1,650 567 2,217 3
Caribbean 708 195 903 10
W. coast S. America 321 138 459 15
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Table 8.--Continued.

Estimated number of entrances Estimated

u.s. voyage
coastal Foreign U.s. Total length®
area Vessel origin vessels  vessels vessels (days)

Australasia 174 3 177 11
Indonesia and India 150 15 165 15
Scandinavia and N. Europe 120 3 123 15
E. coast Africa 51 -- 51 11
Mediterranean 12 -- 12 18
Total 6,471 1,227 7,698
Weighted average
voyage length 9.2 7.7
Great Lakes Canada--Great Lakes 1,716 156 1,872 1
Scandinavia and N. Europe 96 9 105 10
Mediterranean 27 -- 27 10
W. coast Africa 12 -- 12 11
Pacific Rim 6 -- 6 16
Middle East 3 -- 3 13
Total 1,860 165 2,025
Weighted average
voyage length 1.7 1.5
Noncon- Caribbean 3,891 354 4,245 (b)
tiguous Pacific Rim 426 6 432 (b)
areas W. coast S. America 195 27 222 ()
(includes E. coast S. America 135 3 138 (v)
Alaska, Scandinavia and N. Europe 93 -- 93 (b)
Hawaii Australasia 84 -- 84 (b)
Puerto Indonesia and India 75 6 81 (b)
Rico, and W. coast Africa 60 3 63 (v)
Virgin Canada--Atlantic 54 -- 54 (v)
Islands E. coast Africa : 42 -- 42 (p)
Mediterranean 18 -- 18 (b)
Canada--Pacific 6 -- 6 (»)
Middle East 3 -- 3 (b)
Total 5,082 399 5,481 (b)

®The percentage of entrances from each vessel origin is used to derive
the weighted average voyage lengths for each coastal area.
oyage lengths for entrances to noncontiguous ports are estimated as
follows: Hawaii--6 days (60% of entrances are from Japan), Puerto Rico and
the Virgin Islands--1 day (majority of entrances are from Caribbean
countries).
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As indicated above, the Jones Act excludes foreign vessels from
competing for U.S. domestic trade. Consequently, all domestic trade moves
aboard U.S. vessels. 1In 1987, the fleet of U.S.-flagged domestic trade
vessels included the following:

e 176 vessels of 1,000 GT and over (MARAD 1987a). Of these,
103 or 59% are active in "coastal” trade or trade between
ports in the contiguous United States (see Table 7). All but
six of these are tankers. The remaining 73 vessels operate
in "noncontiguous" trade or trade between the contiguous U.S.
states and the noncontiguous states and properties. Included
in this total are 49 tankers and 19 intermodal vessels, as
well as 2 U.S. cruise ships (described in the next section);

o 12 freighters and 14 tankers under 1,000 GT designated for
coastwise travel (Coast Guard 1987b);

e 14 freighters and 43 tankers designated for lakes, bays, and
sounds operation (Coast Guard 1987b);

¢ 9 freighters and 6 tankers designated for river operation
(Coast Guard 1987b); and

* ca. 5,000 tug and towboats (U.S. Army Corps of Engineers
1987), which operate predominantly over the inland waterways.

Great Lakes ships may operate in either domestic or foreign (United
States-Canada) trade. No breakdown is reported for these ships based on
trade status, hence they are analyzed in terms of the number of ships and
annual operating ratios, rather than number of entrances. (Operating
ratios or utilization rates refer to the percentage of days annually on
which the ship is engaged in trading activities.) In 1987, there were
estimated to be 58 active Great Lakes ships of 1,000 GT or over (MARAD
1987a) and 7 of under 1,000 GT (Coast Guard 1987b).

Domestic trade vessels operate exclusively within U.S. waters, and
will hence be under Coast Guard jurisdiction whenever they are operating.
One exception is noncontiguous vessels which may exit U.S. waters en route
from the continental United States. The approach to estimating garbage
quantities in the domestic sector is, therefore, somewhat different.
Whereas the annual garbage quantities generated by foreign trade vessels
are estimated based upon the number of voyages, in this case it is the
number of ships, the crew size, and the annual ship utilization rate which
are the determinants.

Crews aboard domestic trade ships also average 20-25 men. Large
oceangoing tugs carry up to 10 men, while smaller tugs and motor barges
carry 6-man crews.

Domestic ships over 1,000 GT are estimated to have average voyage
lengths of 5 days, while those under 1,000 GT average 4 days. Trips of
large tugboats are also assumed to average 4 days, while small tugs are
estimated to average 2 days at sea.
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All vessels in the merchant marine sector, with the exception of Great
Lakes ships, are assumed to operate with 90% utilization rates. Due to the
winter freeze-up, Great Lakes ships are limited to approximately 50% utili-
zation,

Garbage Generation Estimates
Domestic garbage.--In Table 9 below, estimates of the amount and

types of garbage generated over typical voyages are shown for each of the
merchant shipping categories. The table shows both weight and volume esti-
mates, and indicates that the greatest accumulation would occur on foreign
trade and large domestic trade ships. Over a 7-day voyage these ships are
estimated to generate 330 kg or 2.2 m® of garbage, of which only 22 kg is
plastics. One cubic meter represents approximately 8-9 large 113.5 liter
(30-gal) garbage bags.

Cargo wastes.--Table 10 presents estimates of the number of entrances
to U.S. ports by U.S. and foreign general cargo vessels, and of the quanti-
ties and types of dunnage generated by such ships. In the Customs data
base, dry cargo ships account for 56.1% of entrances by U.S. ships and
74.4% of entrances by foreign ships (Bureau of the Census 1987). The MARAD
data indicate that 28 of the 101 dry cargo ships in the U.S. foreign trade
fleet (27.7%) are general cargo-type ships (MARAD 1987a). Applying this
percentage to the number of dry cargo entrances, it is estimated that U.S.
and foreign break-bulk ships enter U.S. ports 617 (0.277 x 0.561 x 3,969
entrances) and 6,819 (0.277 x 0.744 x 33,087 entrances) times annually.
These entrances are seen in Table 10 to generate potentially close to
20,000 m® of waste lumber, 3,815 m® of cardboard, and 2,981 m® of plastic.

Commercial Passenger Vessels

The category of commercial passenger vessels encompasses all for-hire
passenger-carrying vessels, including cruise ships, ferries and excursion
vessels, and charter boats.

Cruise Ships

The cruise ship category includes domestic ships which operate exclu-
sively within U.S. waters and foreign ships which sail from U.S. ports on
international voyages. The Customs data base identifies approximately 80
foreign cruise ships which operate regularly out of U.S. ports. In 1986,
these vessels recorded an estimated 3,324 entrances to U.S. ports (see
Table 11). A high proportion of these entrances (45%) was recorded by
vessels entering the Miami and Tampa port districts from the Bahama Islands.
Other origin and destination combinations which account for large numbers
of entrances include Canada/Alaska, Mexico/Los Angeles, Mexico/Miami, and
Bermuda/New York. Puerto Rico and the Virgin Islands also receive numerous
cruise ships, which arrive primarily from other Caribbean or South American
ports.

Based upon the predominance of short-haul trips represented by these
data, an average voyage duration of 1 day (24 h) is assumed for cruise
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Table 10.--Estimates of annual quantities of cargo waste

(dunnage) currently dumped and quantities dumped under MARPOL

Annex V (Eastern Research Group estimates).

U.s. Foreign
Basis of estimate vessels vessels
Number of entrances to U.S. ports per year 3,969 33,087
Dry cargo as percentage of all entrances 56.1% 74 .4%
Dry cargo entrances 2,227 24,617
General cargo as percentage of all dry cargo ships 27.7% 27.7%
General cargo entrances 617 6,819
Dunnage generated per clearance from U.S. port
Lumber
Quantity (m?) 48.6 48.6
Percent of entrances 66.7% 66.7%
Cardboard
Quantity (m®) , 23.6 23.6
Percent of entrances 33.3% 33.3%
Plastic
Quantity (m?) 0.12 0.12
Percent of entrances 10.0% 10.0%
Total dunna§e quantities generated per year
Lumber (m”) 19,983.4 220,930.2
Cardboard (m®) 130,979 130,979
Plastic (m®) 7.20 7.20
Incidence of dumping 50.0% 50.0%
Total dunnage quantities dumped in U.S. waters per year
Current practice
Lumber (m®) 9,991.7 110,465.1
Cardboard (m®) 1,768,214 1,768,214
Plastic (m®) 3.602 3.602
Under MARPOL Annex V
Lumber (m®) 9,991.7 110,465.1
Cardboard (m®) 1,768,214 1,768,214
Plastic (m’) 0.00 0.00




Table 11.--Cruise ships entering U.S. ports (Bureau of the
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Census 1987; Eastern Research Group estimates).

Estimated
number of
entrances Percent
Vessel origin U.S. port of entrance (1987) of total
Bahamas Miami 1,232 37.1
Bahamas Tampa 276 8.3
Canada (Pacific coast) Anchorage 244 7.3
Mexico (Pacific coast) Los Angeles 228 6.9
Mexico (Gulf coast) Miami 168 5.1
Bermuda New York - 152 4.6
French West Indies Virgin Islands 116 3.5
Leeward/Windward Islands Virgin Islands 84 2.5
Netherlands Antilles Virgin Islands 80 2.4
French West Indies San Juan, Puerto Rico 72 2.2
Netherland Antilles Miami 72 2.2
Haiti Miami 56 1.7
Netherland Antilles San Juan, Puerto Rico 56 1.7
Bahamas San Juan, Puerto Rico 52 1.6
Haiti San Juan, Puerto Rico 44 1.3
Jamaica Miami 44 1.3
Dominican Republic Virgin Islands 40 1.2
Dominican Republic San Juan, Puerto Rico 32 1.0
Venezuela San Juan, Puerto Rico 32 1.0
All other origins All other destinations 244 7.3
Total 3,324 100.0

ships arriving in the United States. While examples of much longer voyages
may be found within the data, short voyages are much more typical.

Foreign cruise ships entered U.S. ports with an average passenger
complement of 786. Crew-to-passenger ratios are approximately 1:2 (J.
Ruers, International Committee of Passenger Liners, pers. commun. 1988),
hence an average of approximately 1,000 persons are assumed to be on board
such ships.

Coast Guard data indicate that approximately two dozen U.S.-flagged
vessels are used in domestic cruise operations (L. Stanton, Coast Guard,
pers. commun. 1988). These include two large vessels of over 1,000 GT
which operate in the Hawaiian interisland trade as well as several smaller
vessels active on coastal routes along both the east and west coasts.
Average time between ports is estimated at 1 day, as the vessels are
usually in port each night. Such vessels are estimated to carry an average
of 200 passengers and crew members (E. Scharfe, Director, Small Passenger
Vessel Association, pers. commun. 1988) during typical cruises.
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Other Passenger-Carrying Vessels

Additional categories of passenger-carrying vessels include ferries
and charter fishing and pleasure vessels, of which there are a large number.
In 1987, the Coast Guard’s MSIS data base contained some 49 U.S.-flagged
passenger vessels of 1,000 GT and over, and 4,774 vessels under 1,000 GT.

Among the larger passenger vessels, four are ocean-designated and
include the two Hawaiian cruise ships discussed above as well as two con-
verted hospital ships that are part of the MSC. These are covered in the
merchant vessel data. Ten larger passenger vessels operate with river
designations (e.g., Mississippi River cruises), while the remaining 34 are
designated for operation in lakes, bays, and sounds. These vessels offer
ferrying services and excursion or sightseeing cruises of short duration.
Thus, a total of 44 additional large ferries and riverboats operate domes-
tically. They are assumed to carry up to 1,000 passengers on voyages
averaging 1 day in duration.

Approximately 75% of the 4,774 passenger-carrying vessels under 1,000
GT are charter fishing boats, with ferries, yachts, and other small boats
accounting for the remaining 25% (Stanton pers. commun. 1988). Charter
fishing boats are assumed to carry an average of 20 persons, while ferries
and other commercial passenger vessels are assumed to carry 200 people.
Voyage lengths of 1 day or less are assumed for all vessels in this cate-

gory.

Large cruise ships generate substantial quantities of garbage even on
overnight voyages. Table 12 indicates that 1,000 passengers on a luxury
cruise will generate over 2 MT of garbage each day. Smaller ships
carrying 200 passengers may generate close to 500 kg per day.

Commercial Fishing
United States Vessels

Fishing vessels may be classified according to whether they operate in
onshore, offshore, or inland fisheries. Onshore fishing, defined as fish-
ing which takes place within 12 nmi from shore, is conducted by smaller
boats making primarily day-long trips. Data sources distinguish between
fishing boats, which are under 5 net tons in size, and fishing vessels,
which include all craft of 5 net tons or more (see Table 13).

Boats under 5 net tons generally do not exceed 7.6 m (25 ft) in length
(T. Willis, Coast Guard Documentation Branch, pers. commun. 1988), and are
not eligible for Coast Guard documentation. Normally, therefore, they do
not operate at significant distances from shore. For convenience, all
fishing boats (i.e., <5 net tons) are assumed to operate in the onshore
fisheries. The NMFS estimates there to be approximately 105,500 boats
active in the U.S. fisheries (NMFS 1987). These are assumed to carry an
average of three crew members, and to return to port each night.
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Table 13.--Employment and craft
in the U.S. commercial fisheries
([U.S.] National Marine Fisheries
Service 1987).

Size Number
Vessel >5 tons 24,300
Motor boats 104,000
Other boats 1,500

Total craft 129,800
Fishermen 238,800

While some larger craft also operate close to shore, fishing vessels
(5 net tons and over) are assumed to operate beyond 12 nmi from shore.
These vessels are capable of longer voyages, and are frequently equipped
with sophisticated navigational and fish locating equipment. They also
have greater onboard storage and processing capacity.

The NMFS estimates that in 1986 there were 24,300 fishing vessels of 5
net tons or more in the United States. While these may range up to 1,000
GT and over in size, relatively few are this large. Table 14 indicates
that over 60% of fishing vessels are both smaller than 25 net tons in size,
and <15.2 m (50 ft) in length.

Inland fishing covers commercial activity taking place on the inland
waterways. At present, small commercial fisheries operate on the Great
Lakes and along the Mississippi River (S. Koplin, NMFS, Statistics Branch,
pers. commun. 1988), and account for only a small percentage of the
national catch. States bordering the Great Lakes, for example, accounted
for only 1.7% of the 1987 U.S. commercial catch (NMFS 1987). As boats
active in the inland fisheries will be contained within the data presented
above, the craft involved will be assumed to operate in a fashion similar
to those in the saltwater fisheries. Assumptions regarding crew sizes and
voyage lengths of fishing vessels are shown in Table 15, which derives the
per voyage, per vessel, and aggregate annual garbage quantities.

Foreign Fishing Vessels

Foreign fishing vessels granted access to fishing stocks within the
U.S. exclusive economic zone (EEZ) will also be expected to comply with
MARPOL Annex V. While some restrictions on vessel discharges already
apply, the requirements do not address specifically the problem of garbage
dumping.

In the recent past, foreign fishing activity in U.S. waters has
centered around the eastern Bering Sea and Aleutian Islands areas, where
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Table 14.--Documented U.S. fishing vessels,® by length and
gross tonnage (U.S. Coast Guard, Marine Safety Information
System 20 April- 1986; [U.S.] National Marine Fisheries Service

1987).
Vessel length
<15.2 m 15.2-19.8 m 19.8-24.1 m >24.1m

Gross tonnage (<50 ft) (50-65 ft) (65-79 ft) (>79 ftr) Total
Less than 25 14,703 112 2 2 14,815
25-49 2,774 1,152 33 -- 3,959
50-99 340 1,511 1,107 45 3,003
100-199 18 117 1,418 674 2,227
200-299 -- -- -- 69 69
300-399 -- -- -- 32 32
400-499 -- -- -- 49 49
500-599 -- -- -- 45 45
600-699 -- -- -- 15 15
700-799 -- -- -- 10 10
800-899 -- .- -- 10 10
900-999 -- -- -- 23 23
1,000-1,999 -- -- -- 34 : 34
2,000-2,999 -- -- -- 2 2
3,000-3,999 -- -- -- 2 2
4,000-4,999 -- -- -- 2 2
More than 5,000 -- -- -- -- --

Total 17,835 2,891 2,560 1,015 24,300

"Vessels are defined as craft of 5 net tons or over.

the most significant target species has been Alaskan pollock. The country
most active in this fishery is Japan. Other fisheries with considerable
foreign participation include the Pacific whiting and Atlantic mackerel
fisheries.

Direct access to U.S. fishing stocks by foreign vessels has been cut
back considerably in recent years. At present, foreign access is obtained
primarily through joint venture permits (J. Kelley, NMFS, Office of Fishery
Conservation and Management, pers. commun. 1989). Under joint venture
agreements, U.S. vessels deliver their catch to large foreign motherships
or other factory trawlers, which process the fish at sea.

Data on the number of foreign fishing vessel permits issued in 1987,
by type of vessel, flag of vessel, and fishery, were requested from the
NMFS, but were not available in time for this report. 1In general, though,
activity by foreign fishing vessels within U.S. waters has been decreasing
in recent years with the "Americanization"” of the U.S. EEZ. Direct fishing
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by foreign vessels has been almost completely phased out, while joint
ventures between U.S. catcher vessels and foreign processing vessels are
declining. More and more, foreign access to U.S. fishery products will be
in the form of exported products processed on U.S. soil. According to a
report to the Alaska Department of Environmental Conservation, "it is
generally assumed that there will be little, if any, joint venture activity
in the North Pacific EEZ by 1991" (Pacific Associates 1988).

Garbage Generation Estimates

Domestic garbage.--Table 15 shows the derivation of the per voyage
.and annual domestic waste estimates. The largest ships may generate up to
1,800 kg of garbage overall per voyage. Of this amount, however, they
would likely have to retain only the plastics. Small fishing boats are
estimated to generate only 4.5 kg of total garbage per day at sea.

Commercial wastes.--As indicated, it is assumed that most fishing
craft will generate an additional 0.028 m® (1.0 ft®) of plastic gear waste
per week (0.004 m® (0.14 ft3) per day). Longliners and boats in the
herring fisheries are assumed to generate twice this amount. Such vessels
are assumed to represent 5% of all vessels in the 5-25 and 25-300 GT
categories. Table 16 shows the estimated quantities of fishing wastes
generated annually.

Recreational Boating

All recreational boats operating over the navigable waters of the
United States are also required to comply with Annex V. Potentially,
therefore, most of the approximately 14 million recreational boats in the
United States might be included in an analysis of Annex V. For this study,
we limit the analysis to numbered boats in coastal states or in states
bordering the Great Lakes. Still, some 7.3 million recreational boats fit
this criterion (see Table 17).

The majority of recreational boats are used on inland waters or, when
used in the ocean, within 3 nmi from shore. When operating in these
waters, boaters are prohibited from disposing of any garbage overboard.
Beyond 3 nmi from shore, limited dumping may occur.

In order to identify those boats prohibited from any overboard
disposal, several assumptions were made. First, only boats registered in
coastal states are assumed to operate in the ocean. Secondly, only larger
boats are assumed to operate beyond 3 nmi from shore. Within coastal and
Great Lakes states, the size breakdown of the registered boating fleet is
as follows:

e 56.3% are under 4.9 m (16 ft) long,
e 39.6% are between 4.9 and 7.9 m (16 and 26 ft) in length, and

e 3.7% are greater than 7.9 m (26 ft) in length (see Table 17).
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Table 16.--Estimates of annual quantities of plastic fishing
gear wastes generated in the U.S. fisheries (Eastern Research
Group estimates) (GT = gross tons, MT = metric tons).

Annual quantities of fishing waste generated

Vessels generating Vessels generating
normal quantities® additional quantities®
Number of
Vessel category vessels (MT) (m%) (MT) (m®)
Undocumented 105,500 1,779 131,781 0 0
Documented
5-25 GT 14,815 216 12,570 23 1,323
25-300 GT 9,258 135 7,855 14 827
300-1,000 GT 188 3 160 0 0
Over 1,000 GT 40 1 34 0 0
Foreign vessels NA NA NA NA NA
Total 129,801 2,133 152,400 37 2,150

*Vessels using trawls, set nets, or pots. Plastic waste in these
fisheries is essentially gear-related.
essels active in bait fisheries (i.e., longlining) or herring
fisheries which generate additional quantities of plastic waste in the form
of bait wrappings or salt bags.

According to the Boat Owner's Association of the U.S. (BOATUS),
recreational boats under 4.9 m (16 ft) in length "are most likely confined
to inland lakes, rivers, and bays," and of those over 4.9 m (16 ft), only
10% are estimated to venture beyond 3 nmi from shore (Schwartz 1987).

Based on this, approximately 219,000 boats are estimated to operate in
areas where some overboard disposal of garbage is permitted. The remaining
13.1 million operate in areas where no garbage disposal may occur.

Garbage Generation

Voyage lengths and onboard complements for recreational boats of
various sizes are shown in Table 18, which derives the per voyage and
annual garbage quantities generated.

Offshore 0il and Gas Operations

Offshore oil and gas operations such as exploratory drilling, develop-
ment drilling, and oil and gas production from offshore platforms are also
covered by MARPOL Annex V. The restrictions which apply to such operations
are different from those applicable to commercial and recreational vessels.
Under Annex V, ocean disposal of all types of garbage, with the exception
of ground food wastes, is prohibited. For operations located within 12 nmi
from shore, even the disposal of ground food wastes is prohibited.
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Mobile Offshore Drilling Units

Data from the Department of the Interior'’s Minerals Management Service
(MMS) for February 1988 showed there to be 124 mobile offshore drilling
units (MODU'’s) active in U.S. Federal waters (L. M. Tracey, Department of
the Interior, Minerals Management Services, pers. commun. 1988). All but
one of these were reported to be operating beyond 12 mmi from shore.
Approximately 78 MODU’'s were active in state waters (J. Dees, Ocean & 0Oil
Weekly, Houston, TX, pers. commun. 1988). State waters extend out to 3 nmi
from shore, except off Florida and Texas, where the state-federal boundary
occurs at 3 leagues or approximately 10.35 nmi. All activity in state
waters is subject to the complete ban on disposal within 12 nmi of shore,
while MODU's in Federal waters would be able to dispose of ground food
wastes. The MMS data indicate that MODU’'s in Federal waters have an
average of 40 beds. This figure has been used as an estimate of the number
of men aboard MODU’s on a 24-h basis. Active MODU’'s are assumed to operate
at 100% utilization.

Platforms

Approximately 3,500 production platform "complexes," consisting of one
or more platforms in a single location, actively operate in U.S. Federal
waters. Of these, however, only 779 are manned. A total of 124 manned
platforms are situated within 12 nmi from shore, while the remaining 655
are located beyond 12 nmi. Dees (pers. commun. 1988) estimates that a
maximum of 40 additional manned platforms are active in state waters.

The MMS data indicate that platform complexes have an average of 15
beds each.

Offshore Service Vessels

Service vessels employed in petroleum support activities are also
covered by Annex V prohibitions. This category includes supply ships,
tugs, anchor-handling vessels, crew ships, and research and survey vessels.
Coast Guard data indicate that there are 484 offshore service vessels
(OSV's) operating in the Federal Outer Continental Shelf region. Most crew
and supply ships fall in the 50-200 dwt range. These are assumed to carry
crews of five persons, and to make trips lasting an average of 1 day.

No data are available to indicate how many OSV's operate in state
waters. Assuming the same ratio of structures (MODU's and platforms) to
OSV's exists in state waters as in Federal waters, it is estimated that
there are 63 additional 0SV's active in state waters (484 + 903) x 118).

Garbage Generation

Garbage quantities for the offshore oil and gas sector are calculated
in Table 19 on a per day, rather than a per voyage basis, since the struc-
tures are stationary and relatively permanent. Currently, all garbage with
the exception of food wastes is required by the MMS to be transported to
shore for disposal.
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Research and Other Hiscellaneous Vessels

Several categories of miscellaneous vessels have also been included in
this analysis. These include vessels operated by universities and other
oceanographic research institutions, maritime academy training ships, and
various "industrial” vessels such as dredges and cable-laying ships.

Research Vessels

Numerous universities as well as private and nonprofit groups (e.g.,
Greenpeace, the Cousteau Foundation), operate oceanographic research
vessels. The Coast Guard’'s MSIS data base indicates that in 1987 there
were 26 vessels actively involved in oceanographic research (Coast Guard

1987b).

A 1978 profile of the world’'s oceanographic research fleet indicated
that a typical research cruise might involve 20-25 crew members and 10-20
scientists (Trillo 1978; cited in Parker et al. 1987). These estimates
were deemed appropriate by individuals connected with two major oceano-
graphic research institutes, the Woods Hole Oceanographic Institute (J.
Colburn, Woods Hole Oceanographic Institute, pers. commun. 1988) and the
Scripps Institution of Oceanography (G. Schorr, Associate Director, Scripps
Institution of Oceanography, La Jolla, CA, pers. commun. 1987).

School Training Vessels

Seven maritime academies in the United States operate a total of 14
ships used for training (Coast Guard 1987b). Seven of these are ocean-
designated, six are authorized for coastwise travel, and one carries a
Great Lakes designation. Only five of the vessels are greater than 1,000
GT in size.

Training ships of 1,000 GT or over are estimated to carry 150 men,
while those under 1,000 GT are estimated to carry a crew of 50. Voyage
lengths are estimated at 15 and 7 days, respectively. These estimates are
based on discussions with officials at the Massachusetts Maritime Academy,
who are familiar with the sizes and operations of vessels used at their and
other maritime academies (D. Kan, Massachusetts Maritime Academy, Buzzard's
Bay, MA, pers. commun. 1987).

Industrial Vessels

The category of industrial vessels comprises an assortment of vessel
types including dredges, cable-laying ships, and drilling ships. Their
common characteristic is that they carry crews who perform functions other
than operating the vessel. The Coast Guard’s MSIS data base indicates that
in 1987 there were a total of 85 such vessels. Of these, 57 were greater
than 1,000 GT, while 22 were under 1,000 GT. Furthermore, 69 were ocean-
designated, while 17 were designated for coastal operation only.

While it is difficult to generalize about these vessels as a group,
voyage lengths and crew complements on board have been approximated.
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Oceangoing industrial vessels of 1,000 GT or over are estimated to carry an
average of 30 persons on board and have voyage lengths averaging 15 days.
Coastal vessels of 1,000 GT are also assumed to carry crews of 30 men, but
are at sea for an average of 7 days. Both oceangoing and coastal vessels
under 1,000 GT are estimated to carry 15 persons and to operate over 7-day
voyages.

Garbage Generation

Domestic garbage.--Estimates of garbage generation in these sectors
are shown in Table 20. School training ships and research vessels over
1,000 GT generate substantial quantities of garbage and plastics. Large
research vessels, for example, may generate over 10 m’ of plastics from
domestic sources alone. This would be sufficient to fill an average
commercial garbage dumpster.

Research vessel wastes.--The additional quantities of plastics
associated with oceanographic research wastes are derived in Table 21.

U.S. Navy

Data from the Jane's Fighting Ships (1986) indicate that the U.S. Navy
fleet currently numbers approximately 679 active vessels (see Table 22).
Normal operational cycles for Navy vessels involve one 6-month tour of duty
outside of U.S. waters every 18 months (D. Steigman, Jane'’s Publishing Co.,
pers. commun. 1988). Consequently, at any given time approximately one-
third of the Navy fleet is operating outside of U.S. waters.

Crew complements on board Navy vessels range from 25 men up to as many
as 5,000 on board the largest aircraft carriers. Where a range of crew
sizes was reported, crew complements shown in Table 22 represent the
average. Utilization factors while in U.S. waters range from 20 to 75%,
depending on the vessel's strategic importance and its re-fit cycle
(Mullenhard, pers. commun. 1988). Steigman (pers. commun. 1988) provided
separate estimates of operating ratios for each class of Navy vessel, which
are used to derive garbage quantity estimates for these ships while in U.S.
waters.

Garbage Generation

Because of the large crew sizes and extended periods at sea, several
categories of Navy ships are seen in Table 23 to generate extremely large
quantities of wastes. Aircraft carriers with 5,000 men aboard, for example,
could generate as much as 200 MT of garbage over a 20-day cruise. Several
other categories of ships may generate 10 to 20 MT as well. Clearly, the
Navy has particular garbage handling problems.

U.S. Coast Guard

The Coast Guard operates a large fleet of vessels, ranging from small
harbor patrol boats to a pair of 121.9-m (400-ft) icebreakers. Table 24
provides a summary of the Coast Guard's fleet and indicates the number of
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Table 21.--Estimates of annual quantities of additional plastic
wastes generated by oceanographic research vessels (Eastern
Research Group estimates) (GT = gross tons).

Voyage Additional
Number of length Voyages waste per
Vessel category vessels (days) per year® year (m®)
Private vessels
1,000 GT and over 2 25 5 1.17
300-1,000 GT 15 10 13 22.78
Under 300 GT 9 10 13 13.67
National Oceanic and Atmospheric
Administration vessels
Large deepwater vessels 4 25 5 2.34
Small coastal vessels 20 10 13 30.37
Total 50 70.32

®Annual vessel utilization of 35% is assumed.

vessels in each class, the crew complement, and typical voyage durations.
This table is based upon discussions with Coast Guard operations personnel.

Coast Guard vessels are assumed to operate entirely within U.S.
waters. Utilization factors for Coast Guard vessels are similar to those
of Navy ships, and are assumed to average 50%.

Garbage Generation

Several categories of Coast Guard cutters as well as the large polar
icebreakers are estimated to generate substantial quantities of garbage
over representative voyages. The relevant quantities are shown in Table
25,

U.S. Army

The U.S. Army reports a fleet of approximately 580 crafts (G. Danish,
U.S. Army, pers. commun. 1988). Of these, only a small number are "sea
deployable."” As shown in Table 26, these include four logistic support
vessels approximately 91.4 m (300 ft) in length, 35 utility class landing
craft capable of extended trips at sea, and 10 large oceangoing tugs.

The rest of the Army’s fleet is made up of approximately 490 "ship-to-
beach" craft of various types, used mainly for shuttling troops and
supplies to and from larger vessels anchored offshore. 1In addition, the
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Table 22.--U.S. Navy vessels by type and status (Jane’s Fighting
Ships 1986; Navy League of the United States 1987).

Building/ Approximate °Estimated

reactivating onboard manpower
Vessel type Active conversion complement total
Strategic missile submarines 38 5 150 5,700
Attack submarines 101 15 140 14,140
Aircraft carriers 13 3 5,000 65,000
Battleships 2 2 1,500 3,000
Cruisers 31 13 500 15,500
Destroyers 68 1 350 23,800
Frigates 100 4 300 30,000
Light forces 7 0 25 175
Light amphibious warfare ships 57 7 700-2,800 99,750
Mine warfare ships 3 6 70 210
Auxiliary ships 79 3 100-1,000 35,550
Military Sealift Command 72 18 25-120 5,220
Ready reserve force 73 0 40-1,200 45,260
Naval reserve 35 0 NA NA
Total 679 77 343,305

®Jhere crew complements vary within a class, the arithmetic mean of
the range is used. Total estimated complement is derived by dividing
average complement by the number of active vessels.

Army maintains 15 small harbor tugs and about 25 small outboard motor-
powered J boats.

These craft are used only intermittently during peacetime in logistics
exercises. A utilization rate of 35% is assumed for all vessels.

Garbage Generation

The largest Army ships, the logistic support vessels, carrying 40
persons on board for up to 30 days, may generate close to 2 MT of garbage
and 10 m® of plastics alone. Other vessel classes generate considerably
smaller quantities of garbage.

National Oceanic and Atmospheric Administration
Research Vessels

The NOAA operates a fleet of approximately two dozen vessels which are
engaged in atmospheric and oceanographic research (B. Cunningham, Office of
NOAA Corps, NOAA, pers. commun. 1988). These vessels range in size from
250 to 4,000 GT. Smaller vessels are estimated to carry approximately 10
persons on board, and to remain at sea for periods of approximately 1 week.




162

‘sx93ea -§' uy Juyawiado Aqyenuue slep jo 23wausdaed 9yl o3 si93eY,
‘§90UPIjUP JO Iaqumu ay3 pue sFwloa 1ad L373uwnb eBwqiavd (Z) 30 ‘uoyievIndod yassea 1ad (1) I9Y3yd jo 3onpoad aya o3 enba $7 awel i1ad 3y3yem e3vwqawd 1v3i0lg
'y a1qel @95 -aydjem Lq #3eqawd Lap 3o s;'9 s7 #9ewqaed oy3sEid ‘3Iydrem 4Lq 93wqivd 1¥303 Jo Wy ¢ se pegenoled s °8eqiwd £ag,

02S'6LE  966°LS 1994 19d ed3eqawd (w30l

0 0 VN (1% 1] 1] 0 8L 9w't 601 8"0'11 121 009'81 0°t 00£°6 029 [ QA19801 TRAUN
S08°'1¢L €10°11 VN €L £98°0ST 8 129 8L 9w't 601 gn0'11 121 009°81 0t 00€‘6 029 (41 95103 saiesex Apwey

11L's 9.8 YN L 9121 S (14 6 181 €1 LEE'T s1 0sz'e 0'7 §T1'1 SL [ puveo)
3311ves KawaT1IN
8LL'TY 80%‘9 VN 6L 111°18 S 144 €9 G00‘'1 88 016’8 86 000°s1 0°2 006°L 00S [ sdiys Laeyrpmy
(244 e VN € 95¢e° 11 S (44 6 1 1 L TAN ¢ 41 001°'2 0°z 050’1 oL [ sdiys @1wjava OQuUIN

206°601  281°'91 ¥N LS 688°'€8Z 91 [44 €L 1’1t go1 S6€°0T W11 006° L1 0°'t 0SL'8 0sL‘1 S sdiys exsjaea
snojqiydse 34371
81 82 VN L 950w S rAA £ 0s v 9ny S 0SL 0°Z (74 [14 [ s9d103 34331
0€L°1E 198‘y VN 001 £99°8% Y 144 0s %08 1L 871°'¢L 8L 000°Z1 0'Z 000'9 00¢ (174 seyediag
TL1tse 198°¢ VN 89 8LL°9S v r2A4 65  8€6 z8 91€'8 16 000° 71 0°Z 000°L 0sE 0T saeko13seqg
76¢'91 L2 {34 VN 1¢ 1°ie Y [44 vg One‘l 811 088°‘11  O€l 000°'0Z 02 000°01  00$ 174 §1981n1)
£€L1'¢ 189 VN z R 33 08 % 14 Y €€ 16 0z0'v  €S¢€ 0v9°'st  16¢ 000°09 0°Z 000'0€  00S'1 02 sdjyseiaavy
8y.'89 s 01 WN £1 T11°118 Y 124 L€8 00%'€l LL1'T O008'8IT %0E€°T 000°00Z O°Z 000°00T 000°S O §137318d 13JRAJATY
Z9¢'y 699 VN 101 29’9 3 9 8 1e1 1 %91°1 €1 096°'1 0°'Z 086 091 L saujaveqns }IvyV

LeL €11 VN 8¢ £€L6'T € € v 09 S SES 9 006 [V 0sY 0s1 € saujasuqns
e211ssym oyFeavaag
(¢ {(IW) §20URIUD E|ISSVA (31) awak 1ed ) () (3 () (3) (® () (Kep/3%) oa3wfoa azys (skep) syessoa Aa®N ‘S°Q1

30 ‘oN 3o "oN T19ss3A 19d sa3whop L9390 ?3%x aad m21) \Yaduey
nuuoa aad 199k 1ed uojIez o%eqied 93eqied a3vqied uojavasusd skep 98evfop
23wq1ed sFeqawy -1133an a1asely £ag 1e3ol v37des  uosiag
Tesol diys 134
Tenuuy o99vLoa 10d uojawreusd #3eqiawd oy3isamoq

- (suo3 of13em = JN ‘suol ssol1d = 19) (sejemyise dnoin yoaessay uialsey) s[essan AAeN ‘SN
:peaeasusd ssy3jjuenb ofeqied oy3sewop Tenuue pue ‘yassaa 1ad ‘e9Feloa aad Jo uolaBATIAQ--"€Z 2T1qEL




163

Table 24.--U.S. Coast Guard fleet by type and status (Jane's
Fighting Ships 1986; Navy League of the United States 1987).

Under Approximate

Vessel type Active Reserve construction complement
Cutters, high endurance - 15 -- -- 171
Cutters, medium endurance 34 -- 7 82
Icebreakers 6 -- -~ 161
Icebreaking tugs 8 -- 1 17
Surface effect craft 3 -- -- 18
Large patrol craft 83 .- 8 11
Training cutter 1 -- -- 245
Buoy tenders, seagoing 28 -- -- 53
Buoy tenders, coastal 12 -- -- 20
Buoy tenders, inland 6 -- -- 20
Buoy tenders, river 18 -- -- 20
Construction tenders, inland 17 -- -- 20
Harbor tugs, medium 4 -- -- 10
Harbor tugs, small 14 -- -- 10
Total 249 - 16 --

Larger vessels make voyages of up to 1 month and typically carry some 20
officers, 55 to 60 crewmen, and up to 30 scientists.

Approximately half of these vessels operate out of the NOAA base in
Seattle, while the other half are stationed in Newport News. Other bases
maintained by NOAA include Woods Hole, Miami, Pascagoula, and San Diego, as
well as one each in Alaska and Hawaii.

Garbage Generation

The largest NOAA ships may generate as much as 4 MT of garbage over a
typical 20-day voyage, and close to 20 m’ of plastics from domestic sources
alone, as shown in Table 27.

Wastes associated with the research activities of these ships are
derived along with those of private research vessels in Table 21.

Other Government Vessels

Other Federal Government agencies such as the Customs Bureau and the
U.S. Army Corps of Engineers, as well as numerous state and local govern-
ment departments and agencies, may operate modest fleets of boats. No
large craft, however, are estimated to be operated by agencies other than
those discussed above. Smaller boats are included in the data presented in
the section on recreational boats, but are not separately analyzed here.
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THE QUANTITATIVE DISTRIBUTION AND CHARACTERISTICS OF
MARINE DEBRIS IN THE NORTH PACIFIC OCEAN, 1984-88

Robert H. Day,* David G. Shaw
Institute of Marine Sciences
University of Alaska
Fairbanks, Alaska 99775, U.S.A.

and

Steven E. Ignell
Alaska Fisheries Science Center Auke Bay Laboratory
National Marine Fisheries Service, NOAA
Auke Bay, Alaska 99821, U.S.A.

*Present address Alaska Biological Research, P.0. Box 81934, College,
Alaska 99708, U.S.A. '

ABSTRACT

The distribution, abundance, and characteristics of marine
debris in the North Pacific, Bering Sea, and Japan Sea were
studied during the 5-year period 1984-88 using standardized
observations at 181 daily transect stations encompassing
approximately 21,420 km of observations, for a total of 1,070 km?
of sampling. The most abundant debris type was plastic, which
composed 89.3% of the total 2,127 debris items seen on transect;
other debris items consisted of glass (3.3%), wood (3.2%),
paper/fiber (2.4%), metal (0.5%), rubber (0.2%), and unidentified
debris objects (1.0%). The most abundant plastic type was
fragments (34.2%); other main plastic types were Styrofoam
objects (22.5%), sheets and bags (18.2%), gillnet floats (5.0%),
polypropylene line (3.1%), miscellaneous floats (2.8%), and
miscellaneous/unidentified plastic objects (12.3%). Gillnet
fragments, trawl net fragments, unidentified net fragments, and
uncut plastic strapping, which were minor components of the
plastic debris, were recorded a total of 46 times, primarily
between lat. 37° and 44°N, in and near the Subarctic Front. The
distribution and characteristics of the 6 general debris types
are presented, as well as the distribution and characteristics of
the 11 main plastic types. The highest densities of marine
debris generally occurred in Japan Sea and nearshore Japan VWater,
Transitional Water, and Subtropical Water. Densities of most
types of marine debris generally were low in Subarctic Water and
Bering Sea Water. Heterogeneous geographic input, currents, and
winds are important in locally concentrating marine debris.

In R. S. Shomura and M. L. Godfrey (editors), Proceedings of the Second International
Conference on Marine Debris, 2-7 April 1989, Honolulu, Hawaii. U.S. Dep. Commer., NOAA Tech.
Memo. NMFS, NOAA-TM-NMFS-SWFSC-154. 1990.
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INTRODUCTION

Marine debris, especially plastic debris, increasingly is
recognized as a national and international pollution problem (Shomura and
Yoshida 1985; Wolfe 1987). Debris presents problems on beaches, where it
is aesthetically displeasing, is expensive (and probably impossible) to
remove, causes unnecessary mortality of coastal wildlife, and (in the case
of some medical, military, and industrial wastes) is potentially toxic.
Debris also can cause problems at sea, where it can damage vessels,
entangle marine animals, and result in the deaths of some animals that
mistake it for food. Although the general nature of the marine debris
problem is understood, the actual magnitude of the problem is unknown,
because much of the information about it is anecdotal. For instance, we
know that the northern fur seal, Callorhinus ursinus, become entangled and
die in derelict fishing nets at sea, but estimates of the abundance of
derelict nets at sea are highly uncertain (Pruter 1987). Consequently,
estimates of both the true mortality rate of fur seals due to entanglement
and the true effects of this mortality on fur seal populations also are
uncertain (but see Fowler 1982, 1985, 1987).

During the last two decades, several workers have systematically
observed floating debris and lost plastic nets in the North Pacific Ocean
(Venrick et al. 1973; DeGange and Newby 1980; Dahlberg and Day 1985; Jones
and Ferrero 1985; Yoshida and Baba 1985; Baba et al. 1986; Day and Shaw
1987; Mio and Takehama 1987; Yagi and Nomura 1987) and stranded debris on
coastal beaches (Merrell 1980, 1984). These studies have shown that marine
debris is distributed widely, is of several types, and is distributed by
surface currents and winds. :

The objective of this study was to improve our knowledge of the
quantitative distribution and characteristics of marine debris in the North
Pacific Ocean. Specifically, we wanted to: (1) describe the quantitative
distributions of the six main types of marine debris; (2) describe the
comparative at-sea densities of the main debris types; (3) describe the
mean dimensions of the main debris types; (4) describe the quantitative
distributions of the 11 main types of plastic debris; (5) describe the
frequencies of colors of the main plastic types; and (6) examine the
effects of input, currents, and winds on the quantitative distribution of
marine debris. Because of the extensive geographic coverage of the work,
this study constitutes the first complete analysis and the most detailed
synoptic picture of marine debris anywhere in the world ocean.

METHODS

We collected data on the density (number per square kilometer), types,
sizes, and colors of marine debris at 181 debris transect stations in the
Bering and Japan Seas and the North Pacific Ocean north of Hawaii. At each
station, we counted, identified, and estimated the two largest dimensions
(at least 2.5 x 2.5 cm) of marine debris within 50 m of one side of a ship
moving forward at a known rate of speed for a known period of time
(Dahlberg and Day 1985; Day and Shaw 1987). The only types of debris that
were sampled as far as we could see from either side of a moving ship were
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gillnet fragments, trawl net fragments, unidentified net fragments, and
uncut pieces of plastic strapping. This paper includes some published data
from 38 stations in 1984 (Dahlberg and Day 1985) and 49 stations in 1985
(Day and Shaw 1987); the data from the other 94 stations are from 1986 to
1988 and have been combined with the 1984-85 data for a broader overview of
patterns in the North Pacific.

The sampling surveyed approximately 21,425 km of ocean, “for a total of
approximately 1,073 km? of sampling (Fig. 1). The total effort consisted
of 854 h 47 min (854:47) of sampling at 152 of the stations during which
observation conditions were recorded. Effort by observation condition was:
poor 21:50 (2.6% of the total effort of known conditions); fair 163:30
(19.1%); moderate 253:00 (29.6%); good 320:17 (37.5%); and very good 96:10
(11.3%). Ve decreased sampling effort when conditions were less than
moderate (21.7% of total effort during known conditions) and sampled
extensively when conditions were moderate to very good (78% of total effort
during known conditions). Sampling was not conducted during periods when
high waves could affect sightability of debris.

General debris types were standardized and consisted of glass, metal,
paper/fiber, plastic, rubber, wood, or miscellaneous/unidentified debris.
Plastic debris types also were standardized: fragment, Styrofoam (which
may include foamed plastics of other chemical composition), polypropylene
line fragment (which may include synthetic lines of other chemical
composition), gillnet float, miscellaneous float, gillnet fragment, trawl
net fragment, unidentified net fragment, uncut plastic strapping,
sheet/bag, and miscellaneous/unidentified plastic debris. The two largest
dimensions of pieces of debris were estimated in centimeters. Pieces of
plastic debris were identified to the same standardized colors that were
used for neuston plastic (Day et al. 1990): black/gray, blue, brown,
green, orange, red/pink, tan, transparent, white, yellow, and
mixed/unidentified colors.

Data were compiled as the density (number/km2?) of total marine debris,
of each general type of marine debris, and of each type of plastic debris at
each station. We stratified the density data into five oceanographic water
mass strata: Bering Sea Water, Subarctic Water (north of the Subarctic
Front or north of approximately lat. 42°N), Subtropical Water (south of the
Subtropical Front or south of approximately lat. 31°N), Japan Sea/nearshore
Japan Water (west of approximately long. 150°E), and Transitional Water
(Subarctic Front, Transition Zone, and Subtropical Front). We then
subjected the stratified density data (total density, the 6 general debris
types, and the 11 plastic debris types) to Kruskal-Wallis tests (Conover
1980; Zar 1984). For each data set, we tested the hypothesis:

H): The density does not vary among water masses.

When test results were significant, we conducted multiple comparison tests
(Conover 1980) to determine which water masses were significantly
different.

The size data were combined into 10-cm size classes for sizes up to
100 cm; larger debris items were combined into size classes 101-200 cm,
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Figure 1.--Cruise tracks for marine debris sampling, 1984-88.
>200 cm, or unknown. The size data were compiled for each of the six
general debris types but not for the individual plastic types. The color

data were compiled as frequencies of each color of plastic; subsequently,
these frequencies were divided by the total number of plastic items to
determine percentages of each color type.

We recorded 2,127 debris objects on the 181 debris transects.

RESULTS

Total Debris

Plastic

was the most common general type of debris, being recorded 1,899 times

(89.3% of the total number of debris objects).

Glass was next in frequency

(72 objects; 3.3%), followed by 68 wood objects (3.2%), 53 paper/fiber
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objects (2.4%), 10 metal objects (0.5%), and 4 rubber objects (0.2%).
Miscellaneous/unidentified marine debris was recorded 22 times (1.0%).

Marine debris was widespread in occurrence, but occurred in greatest
densities in the Japan Sea and off the eastern coast of Japan; it also was
common along the Subarctic Front and in southern Transitional Water (Fig.
2). Lowest densities were in the central Alaska Gyre, in the Bering Sea,
and in the vicinity of the Hawaiian Islands. The highest density of total
marine debris was 36.7 pieces/km? at lat. 36°55'N, long. 132°30'E in the
Japan Sea. Densities of total marine debris differed significantly among
water masses (H = 66.735; n = 181; df = 4; P < 0.05; Table 1). Multiple
comparisons indicated that densities were: Japan Sea/nearshore Japan Water
= Transitional Water = Subtropical Water > Subarctic Water = Bering Sea
Water.

Glass Debris

Glass objects were recorded 72 times. Glass containers of various
types (miscellaneous bottle, sake bottle, jar, beer bottle, and Japanese
whisky bottle, in decreasing order of frequency) were recorded 54 times
(75.0% of total glass); bottles were the most abundant, being recorded 42
times (58%). The second main class of glass objects was light bulbs (11
objects; 15.3%), which were represented (in decreasing order) by
incandescent bulbs, fluorescent bulbs, and floodlights. The remaining
seven (9.7%) glass objects consisted of glass fishing floats (glass balls).
The mean dimensions of glass debris were 17.9 x 33.7 cm (n = 34 objects of
known dimensions).

Glass debris was widespread south of the Subarctic Water, occurring in
greatest densities in southern Transitional Water, in the Japan Sea, and
off eastern Japan; it was uncommon in Subarctic Water and absent in the
Bering Sea (Fig. 3). The highest density was 1.3 pieces/km? at lat.
30°34'N, long. 173°10'W in Subtropical Water northwest of the Hawaiian
Islands. Densities of glass differed significantly among water masses
(H = 34.744; n = 181; df = 4; P < 0.05; Table 1). Multiple comparisons
tests were confusing, however, in that those water masses with the largest
difference in mean ranks were not significantly different, whereas water
masses with smaller differences in mean ranks were significantly different.
The two water masses that were significantly different were Transitional
Water > Subarctic Water, the two with the largest sample sizes (49 and 99,
respectively). We suspect that other water masses were different but that
sample sizes in most were too small for the multiple comparisons test to
find significant differences. The pattern of mean ranks (in descending
order) was: Japan Sea/nearshore Japan Water, Subtropical Water,
Transitional Water, Subarctic Water, and Bering Sea Water.

Metal Debris

Metal objects were recorded 10 times. Metal cans of various sizes
were the most common metal debris, being recorded eight times (80% of total
metal). The remaining two metal objects were a 208.2 L (55-gal) drum and a
metal trawl float (10% each). The mean dimensions of metal debris were
41.5 x 64.5 cm (n = 5 objects of known dimensions).
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Figure 2.--Densities of total marine debris, 1984-88. Solid
black circles indicate stations at which debris was not recorded.
Sizes of hollow circles indicate relative densities. The highest
density was 36.7 pieces/km?.

Metal debris was sporadic in occurrence and almost certainly
originated from ships. The main areas of occurrence were the Japan Sea and
off eastern Japan, with other records in the northern Gulf of Alaska and
the eastern subarctic Pacific (Fig. 4). The highest density was 0.5
piece/km? at lat. 36°55'N, long. 132°30'E in the Japan Sea. Densities of
metal debris appeared to differ significantly among water masses
(H=10.106; n = 181; df = 4; P < 0.05; Table 1). Multiple comparisons,
however, indicated that none of the water masses were significantly
different; we suspect that densities were too low overall for the multiple
comparisons to find significant differences. The pattern of mean ranks (in
descending order) was: Japan Sea/nearshore Japan Water, Transitional Water,
Subarctic Water, and none in Subtropical and Bering Sea Waters.
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Figure 3.--Densities of glass debris, 1984-88. Solid black
circles indicate stations at which glass debris was not recorded.
Sizes of hollow circles indicate relative densities. The highest
density was 1.3 pieces/km?. :

Paper/Fiber Debris

Paper/fiber objects were recorded 53 times. Paperlike objects were
the most common, being recorded 34 times (66.0% of total paper/fiber); of
these, cardboard (fragments, boxes, sheets, and tubes) was recorded 19
times (35.8%), and paper (fragments, towels, cups, magazines, and cigarette
packs) was recorded 16 times (30.2%). Hemp line was recorded 11 times
(20.8%); it consisted of fragments of hemp deck lines from ships and of 1
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Figure 4.--Densities of metal debris, 1984-88. Solid black
circles indicate stations at which metal debris was not recorded.
Sizes of hollow circles indicate relative densities. The highest
density was 0.5 piece/km?.

piece of twine. Woven debris was the least common kind of paper/fiber,

being recorded seven times (13.2%); this category included cloth fragments

and bags, canvas fragments and bags, and one carpet fragment. The mean
dimensions of paper/fiber objects were 23.1 X 75.6 cm (n = 42 objects of

known dimensions); the mean dimensions excluding objects >200 cm long were

only 23.1 X 50.6 cm (n = 42 and n = 39, respectively), however.

Because paper decomposes rapidly at sea, paper/fiber debris occurred
primarily near shore (e.g., the Japan Sea, off eastern Japan, the Bering
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Sea) or in areas that are fished heavily (e.g., southeastern Bering Sea,
flying squid fishery near the Subarctic Front east of Japan), where
numerous fishing boats provide constant input of paper debris; most of the
records of this debris type in southern Transitional Water and northern
Subtropical Water are of hemp deck lines (Fig. 5). The highest density was
2.3 pieces/km? at lat. 36°55'N, long. 132°30'E in the Japan Sea. Densities
of paper/fiber differed significantly among water masses (H -~ 38.676;

n - 181; df = 4; P < 0.05; Table 1). Multiple comparisons “indicated that
densities were: Japan Sea/nearshore Japan Water > Transitional Water =
Subtropical Water = Subarctic Water = Bering Sea Water.

Rubber Debris

Rubber objects were recorded only four times, the least of all general
debris types. All four (100%) objects were rubber gloves, which frequently
are used on fishing boats. The mean dimensions of rubber objects were
15.5 x 25.5 cm (n = 3 objects of known dimensions).

Rubber debris was recorded at only three stations: at lat. 32°15'N,
long. 141°36'E in Transitional Water east of Japan; at lat. 36°55'N, long.
132°30'E in the Japan Sea; and at lat. 27°59'N, long. 157°13'W in
Subtropical Water north of the Hawaiian Islands. The highest density was
0.3 piece/km? in the Japan Sea. Densities of rubber appeared to differ
significantly among water masses (H=28.715; n = 181; df = 4; P < 0.05;
Table 1). Multiple comparisons, however, found no significant differences;
we suspect that densities were too low overall for the multiple comparisons
to find differences. The pattern of mean ranks (in descending order) was:
Japan Sea/nearshore Japan Water, Transitional Water, and none in
Subtropical, Subarctic, and Bering Sea Waters.

Wood Debris

Wood objects were recorded 68 times. Sawed or milled wood objects
were the most common (63 objects; 92.6% of total wood); this category
consisted (in decreasing order of frequency) of boards, sawed logs (for
shipping to sawmills), dock pilings, and large timbers or blocks that
frequently are used as dunnage on ships. Bamboo objects (3; 4.4%) were
next in abundance and consisted of flagpoles (for marking the ends of drifc
gillnets) and fragments. Finally, fabricated objects (2; 2.9%) were
represented by one wooden pallet and what appeared to be a wooden ladder.
The mean dimensions were 23.5 x 183.0 cm (n = 62 objects of known
dimensions); the mean dimensions excluding objects >200 cm long were
23.5 x 78.8 cm (n = 62 and n = 45, respectively), however.

Wood debris occurred primarily near shore, probably because of its
tendency to become waterlogged and sink with time. The highest densities
were in the northern Gulf of Alaska, where harvested logs were common in
the Alaska Coastal Current and farther offshore, in the Japan Sea and off
the eastern shore of Japan; little wood debris was recorded far from shore,
however (Fig. 6). The highest density was 2.8 pieces/km? at lat. 59°47'N,
long. 148°17'W near the coast of the northern Gulf of Alaska. Densities of
wood differed significantly among water masses (H = 19.830; n = 181;
df = 4; P < 0.05; Table 1). Multiple comparisons indicated that densities
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Figure 5.--Densities of paper/fiber debris, 1984-88.
circles indicate stations at which paper/fiber debris was not

recorded.

The highest density was 2.3 pieces/km?.

Solid black

Sizes of hollow circles indicate relative densities.

were: Japan Sea/nearshore Japan Water > Subarctic Water = Subtropical Water
= Transitional Water = Bering Sea Water.

Types of Plastic Debris

Plastic Debris

Of the 1,899 plastic debris objects recorded on transect, fragments

were the most common type (649 objects).

Styrofoam was next in abundance
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Figure 6.--Densities of wood debris, 1984-88. Solid black
circles indicate stations at which wood debris was not recorded.
Sizes of hollow circles indicate relative densities. The highest
density was 2.8 pieces/km?.

(428 objects), fcllowed by 346 sheets/bags, 95 gillnet floats,
pylene line fragments, 54 miscellaneous floats,
8 seen off transect), 1l trawl net fragments (plus 3 seen off transect),
uncut plastic straps, and 3 unidentified net fragments (plus 1 seen off
transect). Miscellaneous/unidentified plastic debris was recorded 234
times. The mean dimensions of plastic objects were 13.3 x 24.3 cm (n =
1,569 objects of known dimensions); the mean dimensions excluding objects
>200 cm were 11.7 x 19.1 em (n = 1,564 and n = 1,557, respectively).

59 polypro

12 gillnet fragments (plus

8
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As might be expected from its abundance overall, plastic debris was
the most widespread of all debris types (Fig. 7). The highest densities
were in the Japan Sea and off the eastern coast of Japan, with lower
densities in the Subarctic Front east of Japan and in southern Transitional
Water; the lowest densities were near the Hawaiian Islands, in Subarctic
Water (especially in the Alaska Gyre), and in the Bering Sea. The highest
density of total plastic debris was 32.6 pieces/km? at lat. 36°55'N, 1long.
132°30'E in the Japan Sea; local densities here were so high-that Day was
unable to census all marine debris, so he stopped sampling here. The only
other high densities of plastic debris were 23.8 pieces/km? at lat. 41°50'N,
long. 146°12'E and 18.2 pieces/km? at lat. 40°15'N, long. 150°46'E, both
off the eastern coast of Japan. Densities of plastic differed signifi-
cantly among water masses (H = 74.168; n = 181; df = 4; P < 0.05; Table 1).
Multiple comparisons indicated that densities were: Japan Sea/nearshore
Japan Water = Subtropical Water = Transitional Water > Subarctic Water =
Bering Sea Water.

Fragments were irregular pieces of plastic (other than the specific
categories discussed here) that apparently had been broken from other,
larger pieces. They were the most abundant plastic type, being recorded
649 times (34.2% of total plastic). Fragments occurred in highest
densities off eastern Japan and in the Japan Sea, with lower densities in
northern Subtropical Water near the Subtropical Front; in contrast, they
were uncommon in Subarctic Water and the Bering Sea (Fig. 8). The highest
density was 18.9 pieces/km? at lat. 41°50'N, long. 146°12'E off the eastern
coast of Japan. The density of plastic fragments differed significantly
among water masses (H = 62.887; n = 181; df = 4; P < 0.05; Table 2).
Multiple comparisons indicated that densities were: Japan Sea/nearshore
Japan Water = Transitional Water > Subtropical Water = Subarctic Water =
Bering Sea Water.

Styrofoam included all objects made of foamed polystyrene, including
fragments, sheets, boxes or other containers, and fishing floats; based on
observed colors and textures, we believe that none of this debris consisted
of other types of foamed plastics (e.g., polyurethane). Styrofoam objects
were recorded 428 times (22.5% of total plastic), making them second in
abundance of all plastic types. As was seen for neuston plastic (Day et
al. 1990), Styrofoam debris also is a "nearshore Japan/transitional
species,” with few records in Subarctic Water or the Bering Sea (Fig. 9).
The highest density was 4.9 pieces/km? at lat. 36°55'N, long. 132°30'E in
the Japan Sea. The density of Styrofoam differed significantly among water
masses (H = 58.655; n = 181; df = 4; P < 0.05; Table 2). Multiple compari-
sons indicated that densities were: Japan Sea/nearshore Japan Water =
Transitional Water = Subtropical Water > Subarctic Water = Bering Sea
Water.

Polypropylene line is used more commonly than are other synthetic
lines and largely has replaced hemp line on ships; consequently, we
categorized all lines that appeared to be synthetic as polypropylene.
Debris of this type consisted of intact lines and line fragments,
Polypropylene lines were recorded 59 times (3.1% of total plastic). These
lines were absent in the Bering Sea, were recorded in Subarctic Water only
three times, and peaked in abundance in and around the Subarctic Front, in
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Figure 7.--Densities of plastic debris, 1984-88. Solid black
circles indicate stations at which plastic debris was not
recorded. Sizes of hollow circles indicate relative densities.
The highest density was 32.6 pieces/km?.

the Japan Sea, and in and near the Subtropical Front (Fig. 10). The
highest density was 1.2 pieces/km? at lat. 40°00’N, long. 175°17'E near the
Subarctic Front in the central Pacific. Densities of polypropylene line
differed significantly among water masses (H = 27.068; n = 1381; df = 4;

P < 0.05; Table 2). Multiple comparisoms were confusing, however, in that
those water masses with the largest difference in mean ranks were not
significantly different, whereas water masses with smaller differences in
mean ranks were significantly different. The two water masses that were
significantly different were Transitional Water > Subarctic Water, the two
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with the largest sample sizes (49 and 99, respectively). We suspect that
other water masses were different but that sample sizes in most were too

small for the multiple comparisons to show significant differences. The

pattern of mean ranks (in descending order) was: Transitional Water,

Subtropical Water, Japan Sea/nearshore Japan Water, Subarctic Water, and
Bering Sea Water.
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Figure 9.--Densities of Styrofoam, 1984-88. Solid black circles
indicate stations at which Styrofoam was not recorded. Sizes of
hollow circles indicate relative densities. The highest density
was 4.9 pieces/km?.

Floats include gillnet floats, trawl net floats, longline floats, crab

pot buoys, and large boat bumpers made out of plastic other than Styrofoam.
They primarily represent various types of fishing floats.

Gillnet floats were widely distributed and were common, being recorded

95 times (5.0% of total plastic). They were especially common in and
around the Subarctic Front (center of the major gillnet fishery for squid--
see below), in southern Transitional Water, and in and near the Subtropical
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Figure 10.--Densities of polypropylene line, 1984-88. Solid
black circles indicate stations at which polypropylene line was
not recorded. Sizes of hollow circles indicate relative
densities. The highest density was 1.2 pieces/km?.

Front; the only place they were absent was in the Bering Sea, probably
because of the limited sampling there (Fig. 11). The highest density was
0.8 piece/km? at lat. 40°15'N, long. 150°46'E near the Subarctic Front east
of Japan and at lat. 27°59'N, long. 157°13'W in Subtropical Water north of
Hawaii. Densities of gillnet floats differed significantly among water
masses (H = 28.690; n = 181; df = 4; P < 0.05; Table 2). Multiple compar-
isons again were confusing, however, in that those water masses with the
largest difference in mean ranks were not significantly different, whereas
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‘Figure 11.--Densities of plastic gillnet floats, 1984-88. Solid
black circles indicate stations at which gillnet floats were not
recorded. Sizes of hollow circles indicate relative densities.
The highest density was 0.8 piece/km?.

water masses with smaller differences in mean ranks were significantly
different. The two water masses that were significantly different were
Transitional Water > Subarctic Water, the two with the largest sample sizes
(49 and 99, respectively). Again, we suspect that other water masses were
different, but that sample sizes in most were too small for the multiple
comparisons to show significant differences. The pattern of mean ranks

(in descending order) was: Transitional Water, Subtropical Water, Japan
Sea/nearshore Japan Water, Subarctic Water, and Bering Sea Water.
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Miscellaneous floats also were widespread at sea. These floats were
concentrated in southern Transitional Water and Subtropical Water, with
records scattered everywhere but the Bering Sea, again probably because of
the limited sampling there (Fig. 12). These floats were rare in Subarctic
Water as a whole, however. The highest density was 0.6 piece/km? at lat.
33°01'N, long. 158°31'W in Transitional Water north of Hawaii. Densities
of miscellaneous floats differed significantly among water masses
(H=29.842; n = 181; df = 4; P < 0.05; Table 2). Multiple comparisons
again were confusing, in that those water masses with the largest
difference in mean ranks were not significantly different, whereas water
masses with smaller differences in mean ranks were significantly different.
The two water masses that were significantly different were Subtropical
Water > Subarctic Water; one of these water masses had a moderate sample
size and the other had a large sample size (18 and 99, respectively). We
again suspect that other water masses were different, but that sample sizes
in most were too small for the multiple comparisons to show significant
differences. The pattern of mean ranks (in descending order) was: Japan
Sea/nearshore Japan Water, Subtropical Water, Transitional Water, Subarctic
Water, and Bering Sea Water.

Although they were recorded only 34 times on transect and another 12
times off transect, net fragments and uncut packing straps are important
components of marine debris, for they are thought to cause excessive
mortality of some marine animals such as northern fur seals (Fowler 1982,
1985, 1987). These four plastic types were not distributed evenly in the
North Pacific, but instead were concentrated between lat. 37° and 44°N
(Fig. 13).

Gillnet fragments were recorded on transect 12 times and off transect
8 times; they were seen between lat. 25°37' and 45°15'N, with the most (3)
seen at lat. 38°-39° and 42°-43°N (Fig. 13). The highest density was 0.7
piece/km? in Subtropical Water northwest of the Hawaiian Islands.
Densities of gillnet fragments differed significantly among water masses
(H=14.732; n = 181; df = 4; P < 0.05; Table 2). Multiple comparisons,
however, did not find significant differences. We suspect that densities
were too low overall for the multiple comparisons to find significant
differences. The pattern of mean ranks (in descending order) was:
Subtropical Water, Transitional Water, Subarctic Water, and none in Japan
Sea/nearshore Japan Water and Bering Sea Water.

Trawl net fragments were recorded on transect 1l times and off
transect 3 times; they were seen between lat. 30°21’ and 44°07'N, with the
most (3) seen at lat. 40°-41° and 41-42°N (Fig. 13). The highest density
was 0.2 piece/km?, recorded at four stations near the Subarctic Front in
the central and western North Pacific. Densities of trawl net fragments
differed significantly among water masses (H = 10.629; n = 181; df = 4;

P < 0.05; Table 2). Multiple comparisons did not find significant
differences, however, and we suspect that densities were too low overall
for the multiple comparisons to find significant differences. The pattern
of mean ranks (in descending order) was: Transitional Water, Subtropical
Water, Subarctic Water, and none in Japan Sea/nearshore Japan Water and
Bering Sea Water.
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Figure 12.--Densities of miscellaneous plastic floats, 1984-88.
Solid black circles indicate stations at which miscellaneous
plastic floats were not recorded. Sizes of hollow circles
indicate relative densities. The highest density was 0.6
piece/km?.

Unidentified net fragments were recorded on transect three times and
off transect once; they were seen between lat. 33°07' and 43°35'N, with the
most (two) seen at lat. 33°-34°N (Fig. 13). The estimated mesh size of
these nets was 4 x 4 cm. The highest density was 0.3 piece/km? at lat.
33°01'N, long. 158°31'W in Transitional Water north of Hawaii. Densities
of unidentified net fragments did not differ significantly among water
masses (H = 5.418; n = 181; df = 4; P > 0.05; Table 2), probably because
they were so low overall.
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Uncut straps were recorded eight times, all on transect; they were
seen between lat. 29°33’ and 50°03'N, with the most (four) seen at lat.
40°-41°N (Fig. 13). The highest density was 0.3 piece/km? at lat. 36°55'N,
long. 132°30'E in the Japan Sea. Densities of uncut straps did not differ
significantly among water masses (H = 5.462; n = 181; df = 4; P > 0.05;
Table 2), probably because they were so low overall.

Sheets and bags, which are a pollution problem because they are eaten
by and entangle sea turtles (Balazs 1985; Carr 1987), were recorded 346
times (18.2% of total plastic). Sheets and bags occurred in highest
densities in the Japan Sea, off the eastern coast of Japan, and along the
Subarctic Front east of Japan; this debris type was common in Transitional
Water and was essentially absent from Subarctic Water and the Bering Sea
(Fig. 14). The highest density was 7.9 pieces/km? at lat. 36°55'N, long.
132°30'E in the Japan Sea. Densities of sheets/bags differed significantly
among water masses (H = 61.202; n = 181; df = 4; P < 0.05; Table 2).
Multiple comparisons indicated that densities were: Japan Sea/nearshore
Japan Water = Transitional Water > Subtropical Water = Subarctic Water =
Bering Sea Water.

Miscellaneous/unidentified plastic consisted of both fabricated
objects and truly unidentified pieces; the latter objects occurred when we
encountered such high local densities that we were unable to record all
details on individual plastic objects. One hundred fifty-seven containers
of various kinds constituted 67.1% of this category and included bottles,
jars, squeeze tubes, boxes, bowls, cups, pans, beer or soda cases, woven
bags, and buckets. The remaining 77 objects were a diverse assortment of
screens, sponges, lids, mats, bottle caps, sandals, trays, rings, shoe
liners, shovels, pipes, toys, paddles, poles, baseball caps, handles,
helmets, and unidentified plastic debris. The highest density was 1.3
pieces/km? at lat. 35°10'N, long. 176°01'E in Transitional Water in the
central North Pacific, at lat. 40°15'N, long. 150°46'E near the Subarctic
Front off eastern Japan, and at lat. 36°55'N, long. 132°30'E in the Japan
Sea.

Colors of Plastic Debris

Plastic debris was recorded in all 10 of the standardized colors, plus
miscellaneous/mixed colors (Fig. 15). White was by far the most common
color, being recorded 922 times (48.6% of total plastic). The color tan
was second in abundance (187; 9.9%), followed by transparent (124; 6.5%),
blue (119; 6.3%), and yellow (86; 4.5%). The colors green (35; 1.8%),
brown (32; 1.7%), red/pink (28; 1.5%), black/gray (25; 1.3%), and orange
(17; 0.9%) were rare in occurrence. Finally, miscellaneous/mixed plastic
was recorded 323 times (17.0% of total plastic), primarily in cases when
local densities were too high for us to record all data on individual
pileces of debris.

Frequencies of some colors of debris plastic differed strongly from
those frequencies of neuston plastic (Fig. 15). The greatest difference
was in transparent plastic, whose frequency in marine debris was <25% of
that in neuston plastic. Similarly, the frequency of black and gray
plastic in marine debris was <50% of that in neuston plastic. In
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Figure 14.--Densities of plastic sheets and bags, 1984-88. Solid
black circles indicate stations at which plastic sheets and bags
were not recorded. Sizes of hollow circles indicate relative
densities. The highest density was 7.9 pieces/km?.

contrast, the frequency of white plastic was nearly 33% higher, that of tan
plastic was nearly four times higher, and that of yellow plastic was nearly
four times higher in marine debris than in neuston plastic. Frequencies of

the other colors were relatively similar comparing the two types of plastic.

DISCUSSION

We believe that the present distribution of marine debris is
controlled largely by four main phenomena: (1) the heterogeneous geographic
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Figure 15.--Frequencies of colors of plastic debris, 1984-88,
compared with frequencies of colors of neuston plastic, 1985-88
(the latter data from Day et al. 1990).

input of debris, (2) the subsequent redistribution of that debris by
currents and winds, (3) the decomposition of the debris at sea, and (4) the
beaching of the debris. The data that we report on here strongly suggest
that these factors interact to yield the distributions that we observed.

In the absence of precise data on rates of input, transport, and
degradation, however, our conclusions about factors controlling marine
debris in the North Pacific must be considered tentative.

It is clear that there is heterogeneous geographic input of marine
debris, with much originating in the far western Pacific. This conclusion

v




—

207

is supported strongly by the high densities in and around the Japan Sea and
nearshore Japan, where the highest densities of both marine debris and
neuston plastic (Day et al. 1990) in the North Pacific were recorded.
Debris was most abundant in Tokyo Bay (which had far more debris than Day
has ever seen elsewhere in the North Pacific--it was too abundant for him
to sample) and in localized areas in the Japan Sea. It is unclear to us
how much of this debris comes from ships and how much comes from the land.
At the other extreme were the Bering Sea and Gulf of Alaska, where low
human populations probably provide little input of marine debris.

In Transitional Water to the east of Japan, the importance of
transport compared to direct input from ships is difficult to evaluate.
The area between lat. 35° and 45°N and from the eastern coast of Japan to
long. 145°W is the site of a large pelagic fishery for neon flying squid,
Ommastrephes bartrami. At the height of the fishery (May-December),
approximately 700 gillnetting ships from Japan, Korea, and Taiwan
participate (Fredin 1985), as well as an unknown number of small jigging
ships. This fishery undoubtedly contributes to marine debris in the area,
although its contribution relative to transport is unknown. In contrast,
debris entering the ocean around Japan and Korea is moved eastward by the
Subarctic Current (in Subarctic Water) and in the Kuroshio (Kawai 1972;
Favorite et al. 1976; Nagata et al. 1986) into the same area. In addition
to this general eastward movement, Ekman (wind) stress tends to move
surface waters from the Subarctic and the Subtropic into the Transitional
Water mass as a whole (Roden 1970). As a result, densities of debris in
Transitional Water generally are high, but the relative importance of the
two sources (i.e., local input and transport into the area) is unclear.
Further, the generally convergent nature of surface water in the North
Pacific Central Gyre (Masuzawa 1972) should result in high densities there
also.

Surprisingly, there are differences among the distributions of types
of debris. For example, Styrofoam debris clearly is a "nearshore
Japan/transitional/subtropical species” (Fig. 9); neuston Styrofoam also is
most abundant around Japan (Day et al. 1990). This localized distribution
of Styrofoam may be a consequence of its weak, crumbly texture, which can
lead to rapid disintegration; hence, it probably cannot survive long enough
to be transported offshore in large quantities. Further, Styrofoam sinks
when crushed and waterlogged. Thus, it may be observed only in places
where input rates are high. In addition, plastic sheets and bags also seem
to be "transitional" (Fig. 14), placing them directly in the range of most
of the world's sea turtle species, which readily ingest this type of
plastic debris (Balazs 1985). The reason for this distribution of sheets
and bags is not known.

The comparison of frequencies of colors of neuston plastic and debris
plastic (Fig. 15) suggests a bias in our sampling. Colors that do not
contrast strongly with seawater (black/gray, transparent) are
underrepresented in debris in comparison with neuston plastic. Although
some bias in the color frequency data for neuston plastic probably results
from color-selective ingestion of neuston plastic by seabirds (Day et al.
1985), we believe that the difficulty in observing low-contrast debris is
the major cause of the differences in Figure 15. Although there is bias in
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the debris sighting data, however, densities of debris plastic and neuston
plastic are strongly correlated (Day and Shaw 1987). Hence, although
absolute estimates of at-sea densities of marine debris plastic are
affected by these sighting biases, the debris data presented here provide |
important information about relative abundances in various parts of the
ocean.

Although Fowler (1982, 1985, 1987) claimed that entanglemént in lost
netting and other marine debris is the major source of mortality of
northern fur seals, we find that the data on at-sea densities of lost net
fragments are inadequate to determine quantitatively its true importance.
We have seen fur seals entangled in net fragments only twice, both in the
flying squid fishery and both during fall 1987. The first record was of a
fur seal with a trawl net fragment caught over its head at lat. 44°07'N,
long. 156°23'W; there were raw, open cuts on the face and gums, although
this animal did not appear to be hurt in any way and swam playfully with
another unentangled fur seal. The second record was of an immature female
fur seal completely entangled in a gillnet fragment at lat. 43°15'N, long.
145°11'W, along with the partially eaten remains of what appeared to be a
salmon shark, Lamna ditropis, and a yellowtail, Seriola lalanda. Thus,
sightings of entangled fur seals in derelict net fragments at sea are quite
rare, making it difficult to assess the frequency of entanglement. On the
other hand, our extensive experience at sea in the North Pacific suggests
to us that the probability of entanglement and subsequent mortality of fur
seals is higher in nets that actively are fishing for flying squid than in
net fragments. The flying squid fishery deploys approximately 3,000,000 km
of drift gillnets annually and is concentrated approximately in the zone
lat. 39°-46°N (Day unpubl. data). Further, many of the deployments of
research nets observed by Day in this area resulted in fur seals’ feeding
from the nets, climbing on and swimming around the nets, and occasionally
becoming caught in the nets. (Most escaped unharmed, however.) Given the
high number of entanglements of fur seals in actively fishing gillnets that
we have observed, the nearly 60,000 vessel-nights of net deployments in a
year, the large amounts of those nets that are fished, and the low number
of entanglements in lost net fragments that we have observed in over 21,000
km of observations at sea, we suggest here that the mortality of fur seals
from actively fishing nets should be assessed quantitatively and compared
to estimates of mortality from derelict nets.
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ABSTRACT

A sighting survey has been conducted in the North Pacific
since 1986 to understand the distribution of floating objects
there. The survey was conducted on board various types of
vessels, including a fisheries research vessel, patrol vessels,
training vessels, and commercial freighters, a total of 32
vessels with a distance surveyed of 165,288 nmi.

A total of 46,706 floating objects were recorded in 1987.
0f these, fishing net debris accounted for 0.7%, other fishing
gears 5.9%, Styrofoam 14.0%, and other petrochemical products
18.3%. The remainder included drifting logs or lumber 7.9%,
floating seaweed 42.7%, and other 10.5%.

Density of the objects was generally high in the coastal
waters, but high density was also observed in areas between lat.
25° and 30°N, and long. 170° and 130°W. It is assumed that
floating objects transported from various areas by ocean
currents accumulated here. A belt-shaped low-density area was
observed between lat. 45° and 50°N,

In R. S. Shomura and M. L. Godfrey (editors), Proceedings of the Second International
Conference on Marine Debris, 2-7 April 1989, Honolulu, Hawaii. U.S. Dep. Commer., NOAA Tech.

Memc. NMFS, NOAA-TM-NMFS-SWFSC-154. 1990.
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INTRODUCTION

A total of 32 vessels, vessels which belong to the Fisheries Agency of
the Government of Japan, training ships of fishery high schools and univer-
sities, and cargo transport ships, participated in a sighting survey of
floating objects in the North Pacific (Table 1). The total distance for
which the sightings were conducted was 165,228 nmi, and 46,706 items of
marine debris were sighted during the cruises. -

This survey has been repeated continuously since 1986, with the objec-
tives of defining patterns of marine debris, clarifying the conditions of
distribution, and determining the actual volume of various types of debris
floating in the sea. Although the areas surveyed extended to the Sea of
Japan, Yellow Sea, South Pacific Ocean, and Gulf of Mexico, this report
concentrates on the North Pacific and its adjacent waters.

METHODS

Methods of sighting and items of observation were the same as in the
previous year (Mio and Takehama 1987), except for the addition of the size
of debris items observed. Size is described as follows. We measured with
the eye the length of the longest piece of marine debris and recorded that
S = <50, M = 50-200, and L = >200 cm.

RESULTS
Outline of Results

The distribution pattern of the cruising distance for the surveys
(henceforth referred to as effort) shows that effort was high in Japanese
waters and in the western Pacific, and low in the eastern and southern
Pacific (Fig. 1). By season, 57.7% of the entire effort was expended
during the 4 months from June to September. In the other months, excluding
December, 4 to 8% of the effort was expended.

Looking at marine debris by kind (Table 2), 310 pieces of fishing net
were recovered, 0.7% of all marine debris found (gillnet 0.2%, trawl net
0.1%, and unidentified net 0.4%). The proportion of fishing gears other
than nets was somewhat larger (5.9%) and accounted for 15.3% of the total
petrochemicals (fishing nets, other fishing gears, Styrofoam, and other
plastic debris). Styrofoam accounted for 36% of all petrochemicals and for
14% of all marine debris, being the most abundant single material. Sheets
and bags made of nylon and vinyl, and other plastic debris represented by
containers for detergent and drinking water, accounted for 18.3% of the
total marine debris and for 47.0% of the total petrochemicals. The number
of their sightings was large, and they were quantitatively the major item
of marine debris. Among biodegradable marine debris, pieces of wood and
drifting logs accounted for 7.9%, and floating seaweed accounted for 42.7%.
Other consisted mainly of glass products and empty cans, and accounted for

10.5%.
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Table 1.--Vessels engaged in marine debris sighting survey in 1987.

Cruising Number of
Gross Area of distance debris pieces
Name of vessel tonnage  Horsepower survey (nmi) sighted
Kotaka Maru 47 235 J 648.9 2,319
Tankai Maru 157 900 J 2,758.8 296
Hokko Maru 466 1,800 J P 9,435.1 971
Wakataka Maru 170 540 J 3,618.9 1,325
Soyo Maru 494 1,600 J 6,286.1 3,221
Yoko Maru 499 1,600 J 5,363.6 1,341
Mizuho Maru . 150 900 J 4,979.2 3,094
Shunyo Maru 393 2,600 J 7,156.6 1,340
Shoyo Maru 1,362 2,000 J P 14,857 .4 2,798
Kaiyo Maru 2,644 3,800 JP 9,940.2 179
Wakatake Maru 427 1,500 J P 4,166.7 259
Shin Riasu Maru 471 1,400 J P 12,194 .9 910
Wakasio Maru 199 900 J 1,285.3 448
Hoyo Maru No. 12 284 1,000 J P 4,134 .4 663
Kanki Maru No. 58 96 470 J P 4,337.7 229
Hokuho Maru 441 1,300 JP 7,281.7 654
Shirafuji Maru 138 1,000 J 386.0 876
Osyoro Maru 1,779 3,200 J P 4,018.5 166
Hoksei Maru 893 2,100 JP 4,057.2 236
Tansu Maru 444 1,500 J 1,561.9 779
Omi Maru 417 1,300 J P 4,485.1 107
Shirahagi Maru 366 2,600 J P 6,903.4 305
Toko Maru 1,513 8,000 JP 12,845.6 343
Hakuryu Maru 517 2,500 J P 4,086.7 230
Coop 2,445 3,800 J 1,237.6 52
Sunbelt Dexie 11,447 14,000 J P 5,366.6 15,387
Nichiyo Maru 995 3,000 J P 1,176.7 4,673
Kumamoto Maru 380 1,600 J 3,599.2 598
Riasu Maru No. 1 476 1,100 J P 11,732.4 251
Hoyo Maru No. 78 300 440 J P 5,294.1 885
Taisei Maru No. 55 350 3,400 J P 725.2 449
Tosi Maru No. 15 730 3,600 J 3,803.5 1,974

®J = Japanese waters north of lat. 20°N and west of long. 160°E;
P = Pacific area other than Japanese waters.

Effects of Environmental Conditions

In order to study the effects of luminous intensity and waves on the
sighting survey, the numbers of sightings by wind force and by time of day
were examined comparatively for eight vessels which had conducted surveys
for a fairly long time in the area where the effort expended was largest
(lat. 40° to 45°N and long. 140° to 150°E).
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Wind Force

The evidence suggests that the number of debris items sighted per
unit of effort (100 nmi) is inversely related to wind force (Beaufort
scale). The maximum sightings occurred at wind force class 1 and sightings
decreased as the wind force increased (Fig. 2).

Only five vessels conducted sightings surveys in wind. force class 1.
This effort was extremely small compared to the effort in wind force
classes 2 to 5, and was only 11% of wind force class 3, which had the
largest effort. Wind force which showed maximum effort varied by vessel;
in the case of Shoyo Maru, wind force exceeding class 6 showed maximum
effort. Although as a general trend the number of sightings decreased as
wind force increased, the number of sightings also varied by type of vessel
and kind of marine debris.

Luminous Intensity

Time of day was used as an index of luminous intensity, and data from
the same time of day were compared for sighting of marine debris (Fig. 3).
Using the average value of the same eight vessels, the number of sightings
decreased after 1200 (time of the maximum value); the rate of decrease
‘remained within 60%, except at 1700. Five vessels showed the maximum value
between 1200 and 1400, but for the Hokko Maru the maximum value was
obtained at 1700, and for the Shoyo Maru the maximum value was obtained at
0600. These findings suggest that the number of sightings by time were
related to many elements, and no clear trend by time was recognized. It is
considered that there was no time of day at which it was extremely diffi-
cult to find marine debris.

Sighting Rate by Distance

In this survey, we usually observed at close range from the stern the
distances and angles each debris items sighted. The distance at right
angles to the track of the vessel (right angle distance) was measured, and
marine debris was collected by category (Fig. 4). The number of sightings
decreased as the right angle distance increased, and the number of sightings
per 10 m accounted for <5% when the distance exceeded 100 m. Therefore, in
estimating the number of sightings, the sighting width of 200 m, 100 m on
each side of the track, was also estimated.

The relationship between right angle distance and the number of sight-
ings of marine debris indicated a distribution with the maximum value of 10
to 20 m except for pieces of wood and drifting logs. Since the position of
the marine debris never changed and never showed any movement against the
vessel, it was easier to spot marine debris that was closer to the
observers. If an observer could stop and scan the sea completely, the
number of sightings would likely be in proportion to the distance. How-
ever, when sightings are conducted from a moving vessel it is not always
possible to find marine debris close to the observer. As the vessel is
sailing, the closer the debris is to the observer, the shorter the time in
which it remains in the observer's visual field. Also it is not possible
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Figure 2.--Number of marine debris pieces sighted per 100 nmi
in terms of wind force (Beaufort scale) for each vessel.
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to find marine debris on the sea when it is hidden behind the vessel. It
is thought that there is a preferred distance for finding marine debris
when the sighting is conducted from a fixed position. This was determined
by the fact that in comparison with the sightings in Japanese waters and
those in the Pacific Ocean, the number of sightings at a distance of 10 to
20 m tended to be larger than the number of sightings at a distance of 0
to 10 m.

Vessels conducting surveys in the Pacific Ocean were larger in size
and had higher speeds than vessels conducting surveys in Japanese waters
only. For the above two reasons, it is considered to be more difficult to
observe the surface of the sea that is closer to the vessel. In addition,
a decrease in the number of sightings in the range of 0 to 10 m was also
caused by errors which arose from rounding to the nearest whole number
when the angles sighted were reported. That is, as an angle was measured
with the eye, the article which was recognized in the range of 0° to 5°
was mostly reported as at 5°. If a distance sighted exceeded 115 m,
marine debris was located from 10 to 20 m in right angle distance. For
the optimum distance sighted in the relationship between right angle
distance and number of sightings, it is necessary to collect more data and
to continue further studies. In this report, the effective width was
calculated from the assumption that the sighting probability on the path
is 1.

Distribution Density of Marine Debris

Relationship between right angle distance (Y) and sighting rate
(g(Y)) is shown in the following curvilinear equation:

g(Y) =1 - Exp (-(Y/A)"(1-B)).
The coefficients of each type of marine debris are shown in Table 3.

The number of individual items per unit area for each type of marine
debris was calculated by blocks (5° of latitude by 10° of longitude) on
the basis of the following equation (Seber 1982):

nf (0)

N =
2L

Number of individuals per unit area.
Number sighted.

Steaming distance.

= l/effective width.

N
n
L
)

Figure 5 shows the number of individual items per unit area by block
obtained in this manner, and by the type of marine debris.




224

Table 3.--Coefficients of each type of marine debris.

Type of marine debris A B £(0)
Fishing net 46,099 4,178 0.01752
Other fishing gear 39,623 3,627 . 0.01923
Styrofoam 41,598 3,969 0.01891
Other petrochemical products 46,366 4,613 0.01779
Pieces of wood and drifting logs 38,330 4,165 0.02060
Floating seaweed 47,890 5,679 0.01797
Other 31,485 3,565 0.02331
Total debris 38,162 3,430 0.01951

DISCUSSION

Distribution of Effort

A glance at the distribution of effort by block tells its own story:
The blocks where effort was expended abundantly were concentrated in Japa-
nese waters (Fig. 6). There were three blocks in which the survey distance
exceeded 10,000 nmi, and the blocks which exceeded 3,000 nmi were also
restricted to Japanese waters and adjacent areas. Next to the Japanese
waters and adjacent areas, the offshore area of California, the southern
area of the Alaska Peninsula, and the Northwestern Hawaiian Islands were
also areas in which a large amount of effort was expended. However, the
former two areas were also completely surveyed, one by the Kaiyo Maru only
and the other by the Toko Maru and the Shin Riasu Maru, respectively, and
the survey season was biased. As the Northwestern Hawaiian Islands are in
the path of vessels which come and go from Honolulu, the area of survey is
restricted.

Furthermore, glancing at numbers sighted by block, even blocks of
other plastic debris, which has the most abundant sightings, the blocks in
which 50 or more petrochemical items were found were only 18.4% of the
total number of blocks in which petrochemicals were found. 1In order to
obtain reliable density of marine debris, ideally speaking, it is necessary
to conduct surveys evenly throughout the blocks in each season. As we
mentioned before, in the present surveys, effort is frequently biased by
season and by block, and the number of reliable blocks are extremely few.
However, we calculated tentative density using the results of sightings as
they were obtained.

Distribution of Marine Debris by Type

There were only 310 individual sightings of fishing nets, and reliable
results were not obtained. However, the blocks in which sighting density
was high were from lat. 25° to 40°N and long. 170° to 130°W, and in that
area the density increased toward the east. Sighting density was next
highest in Japanese waters and the East China Sea, but was only 2% of the
block in which the density was the highest. In waters of lat. 45° to 50°N,
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fishing nets were not found at all. The distribution split to both south
and north with this area in between, and it was thought that fishing nets
found in the south were transported by currents moving from west to east.
There were many unidentified fishing nets, and characteristics by kind of
fishing net were not clearly recognizable. In waters north of lat. 50°N,
only trawl nets were identified.

The numbers of other fishing gear sighted were greater than the number
of fishing nets, and other fishing gear was found in 70.1% of all the areas
surveyed. Although a distribution pattern of other fishing gear was simi-
lar to that of fishing nets, the blocks in which density was high inclined
toward the south.

A great number of Styrofoam pieces were sighted. The range of distri-
bution was widest, Styrofoam items being found in 77.8% of the blocks in
the area surveyed. The distribution pattern was different for petro-
chemical articles other than Styrofoam, and the areas in which density was
high were found in waters off Japan, at lat. 25° to 35°N and long. 170°W,
lat. 25° to 35°N and long. 160°E to 140°W, in the Gulf of Mexico, and in
the coastal areas of Central America. Areas which showed a comparatively
high density were scattered widely. To explain the difference in this
distribution pattern, petrochemical articles except Styrofoam are trans-
ported mainly by ocean currents, while Styrofoam items are floating on the
surface of the sea and are thought to be strongly influenced by wind.

Other plastic debris was sighted in the greatest numbers (8,544 items),
and the number of blocks sighted was the same as for other fishing gears.
The distribution pattern was also similar. Six blocks in which the density
was highest were concentrated in the range of lat. 20° to 35°N and long.
160°E to 130°W, followed by blocks in Japanese waters. 1In addition, an
area in which the density was extremely high was in the Gulf of Mexico as
well as the coastal areas of Central America.

For pieces of wood and drifting logs, densities were high in the
coastal areas, suggesting that pieces of wood and drifting logs come
primarily from the rivers and coastal areas. Floating seaweed showed this
trend remarkably, and beyond three coastal blocks it was not found at all.

Blocks of highest density of combined petrochemical articles were
seen in the coastal areas of Central America, followed by blocks of high
density concentrated in waters of lat. 20° to 35°N and long. 150° to 130°W.
Although the number of blocks was small, there were also those that showed
high density in waters of lat. 25° to 35°N and long. 170°E to 170°W.
Furthermore, densities of marine debris that were <2% of the highest
density block, could be found in Japanese waters and the East China Sea,
but a considerably high density was shown in the wide range. As another
distinctive phenomenon, density was low in any blocks in waters of lat. 45°
to 50°N, and the North Pacific Ocean and the Bering Sea are separated by
this area. It is believed that marine debris seldom passes from one of
these areas to the other.

Figures used in the above determinations were the numbers of
individual items sighted. When considering the effects of marine debris,
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not only the number of individual items, but also their volume are
important elements. However, it is quite difficult to measure with the eye
the volume of things having various shapes. Therefore, in the survey we
set these very rough size criteria and recorded the sizes of marine debris.
Judging from the results by type of marine debris, "small"” showed an 1
extremely high rate, except in fishing net, pieces of wood, and drifting

logs. In particular, "small" accounted for >90% of other plastic debris

and Styrofoam, which were also great in actual volume. Although the number

of items of this type of marine debris was great, it is believed that there !
was no greater difference in quantity than in number between this marine }
debris and other marine debris. More than half of the "large” items were ‘
fishing nets; the number was small, but the volume of each item was large.

It is necessary to obtain more information on size in future surveys. It

is believed that pieces of wood, drifting logs, and floating seaweed, which

occur naturally, constitute the bulk of marine debris because of their

large quantity and relatively large size.

These distribution patterns were almost the same as those obtained
from the experimental sighting surveys conducted in 1986 (Figs. 7 and 8).
It is necessary to study relationships between movement and accumulation of
marine debris and ocean currents as well as to collect more data in the
future. Furthermore, in order to understand yearly changes, it is also
necessary to intensify the surveys in the North Pacific Ocean and adjacent
areas and to establish methods of monitoring.

Yagi and Nomura (1988) reported on yearly changes in the density of
marine debris based on sighting surveys conducted by the Ryofu Maru of the
Meteorological Agency twice in winter and summer during 1976-86 using
observations lines fixed between the Equator and lat. 34°N along long.
137°E. The survey results are said to be valuable for examining the yearly
changes in marine debris using the same blocks at fixed periods each year,
although observation blocks were limited in number. The survey results
showed that the number of marine debris pieces sighted by unit distance
more than doubled from when the survey was first launched. 1In particular,
plastic sheet fragments have shown a marked increase in recent years.
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ABSTRACT

The distribution, abundance, and characteristics of neuston
plastic in the North Pacific, Bering Sea, and Japan Sea were ‘
studied during the 4-year period 1985-88 at 203 neuston stations
encompassing ca. 91,000 m? of sampling. The highest total
density of neuston plastic was 316,800 pieces/km? at lat.
35°59’N, long. 152°00'E in Transitional Water east of Japan. The
highest total concentration of neuston plastic was 3,491.8 g/km?
at lat. 40°00'N, long. 171°30'E near the Subarctic Front in the
central North Pacific. Main types of neuston plastic were
miscellaneous line fragments (21.7% of all stations), Styrofoam
(12.8%), polypropylene line fragments (7.4%), miscellaneous or
unidentified plastic (7.4%), and raw pellets (5.9%). Plastic
fragments were recorded at 52.2% of all stations and at 88.3% of
those stations with plastic. The highest densities (number per
square kilometer) and concentrations (gram per square kilometer)
of neuston plastic occurred in Japan Sea/nearshore Japan Water,

in Transitional Water, and in Subtropical Water. Densities of
neuston plastic in Subarctic Water and Bering Sea Water were low.
Heterogeneous geographic input and currents and winds are
important in distributing and concentrating neuston plastic.
Microscale convergences appear to be important mechanisms that
locally concentrate neuston plastic, increasing the probability
of its entering food chains.

In R. S. Shomura and M. L. Godfrey (editors), Proceedings of the Second International
Conference on Marine Debris, 2-7 April 1989, Honolulu, Hawaif. U.S. Dep. Commer., NOAA Tech.
Memo. NMFS, NOAA-TM-NMFS-SWFSC-154. 1990.




248

INTRODUCTION

Marine debris, especially plastic debris, increasingly is recognized
as a national and international pollution problem (Shomura and Yoshida g
1985; Wolfe 1987). Plastic enters the ocean in many forms and many sizes. ;
In addition to plastic objects associated with ships (e.g., lines, nets,
floats), virtually every kind of plastic packaging and plastic object used
on land may be discarded or lost to the sea. Some plastics are denser than
seawater and thus sink, but some are buoyant enough to float, either
because of trapped gas or because of low specific gravity. At sea, plastic
objects undergo mechanical breakdown or fragmentation, leading to progres-
sively smaller pieces of floating plastic. The size fraction of plastic
debris caught in nets designed to catch surface plankton (hereafter referred
to as neuston plastic) is of interest for several reasons. First, small
plastic objects are more abundant than are the larger ones from which they
are formed. Second, collection of plastic in nets is an objective process
that provides unbiased estimates of densities. Finally, objects in this
size range can be mistaken for food items, with possibly important ecolog-
ical consequences (Day 1980; Day et al. 1985).

Several workers have investigated the distribution of neuston plastic
in the North Pacific (Wong et al. 1974; Shaw 1977; Shaw and Mapes 1979; Day
et al. 1985; Day and Shaw 1987). These studies have shown that neuston
plastic is widespread, is most abundant in the central and western North
Pacific, and is distributed by currents and winds.

The goal of this study was to improve our knowledge of the quantita-
tive distribution and characteristics of neuston plastic in the North
Pacific Ocean. Specifically, we wanted to: (1) describe the quantitative
distributions of the main types of neuston plastic, (2) compare the at-sea
densities of the main neuston types, (3) describe the frequencies of colors
of neuston plastic, and (4) examine the importance of currents and winds in
affecting the quantitative distribution of neuston plastic. Because of the
extensive geographic coverage of the work, this study provides one of the
most detailed synoptic pictures of neuston plastic anywhere in the world
ocean.

METHODS

We collected data on the density, concentration, and types of neuston
plastic >0.500 mm in size at 203 neuston stations in the North Pacific
Ocean north of lat. 21°N (i.e., Hawaii) and in the Bering and Japan Seas.
At each station, a 1.3-m ring net (during 1985) or a Sameoto (Sameoto and
Jaroszynski 1969) neuston sampler (1986-88) with a 0.500-mm mesh net was
used to collect neuston samples. Following Day and Shaw (1987), the area
of ocean’'s surface sampled was calculated by multiplying the width of the
net opening (0.5 m for the Sameoto sampler; see Day and Shaw 1987 for
information on the ring net) by the distance the ship traveled in 10 min of
sampling at a known speed, corrected for the time that the net was not
fishing. Samples were washed from the net and either were sorted on the
ship or were preserved in formalin and sorted later in the laboratory.
Although areas sampled varied among stations, we ignored these differences
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among stations in the analyses. Data from 1985 that already were published
(32 stations, Day and Shaw 1987) were included here because that number is
small compared with the 171 stations for which the data have not been
published.

During sorting, individual pieces of plastic were counted and
identified as one of six standardized types: pellet, fragment, Styrofoam
(which may include foamed plastics of other chemical composition), poly-
propylene line (which may include synthetic line of other chemical composi-
tion), miscellaneous or unidentified line, and miscellaneous or uniden-
tified plastic. These pieces of plastic also were identified as 1 of 11
standardized colors: black/gray, blue, brown, green, orange, red/pink, tan,
transparent, white, yellow, and mixed or unidentified. The samples then
were placed in preweighed vials and were air-dried before being weighed to
the nearest 0.001 g.

Data were compiled as the total density (number per square kilometer)
and total concentration (mass per square kilometer) of neuston plastic at
each station and as the density of each general type of plastic at each
station. The color data were compiled as the numbers and frequencies of
occurrence of each color at each station and were tabulated as total
frequencies of each color. For data analysis, each station was stratified
geographically into one of five water masses: Bering Sea Water, Subarctic
Water (north of the Subarctic Front, or north of ca. lat. 42°N), Sub-
tropical Water (south of the Subtropical Front, or south of ca. lat. 31°N),
Japan Sea/nearshore Japan Water (the latter area consisting of water east
of Japan and west of lat. 150°E), and Transitional Water (that between
Subarctic Water and Subtropical Water, and including the Subarctic Frontal
Zone, the Transition Zone, and the Subtropical Front).

The stratified data on total density, total concentration, and
densities of each type of neuston plastic were analyzed with a Kruskal-
Wallis test (Conover 1980; Zar 1984). For each data set, we tested the
hypothesis:

H,: The density (or concentration) does not differ among water
masses.

When test results were significant, we conducted multiple comparisons tests
(Conover 1980) to determine which water masses were different. We also
calculated means and standard deviations of each data set in each water
mass. The color data were compiled as frequencies of each color of
plastic. Subsequently, these frequencies were divided by the total number
of plastic items to determine percentages of each color type.

RESULTS

Neuston plastic was recorded at 120 stations (59.1% of total
stations); the total number of pieces recorded was 1,774, The two water
masses in which plastic occurred at 100% of the stations were Subtropical
Water (n = 2 stations) and Japan Sea/nearshore Japan Water (n = 11 sta-
tions). Neuston plastic also was common in Transitional Water, where it




250

occurred at 56 (93.3%) of 60 stations, and in Subarctic Water, where it
occurred at 46 (71.9%) of 64 stations. Finally, it was uncommon in Bering
Sea Water, where it occurred at only 5 (7.6%) of 66 stations.

Total Density

Total densities of neuston plastic were highest in the Japan Sea, in
nearshore water east of Japan, and in Transitional Water and the Subarctic
Front; total densities generally were very low in Subarctic Water (espe-
cially in the center of the Alaska Gyre) and in the Bering Sea (Fig. 1).
The highest total density of neuston plastic was 316,800 pieces/km? at lat.
35°59’'N, long. 152°00'E in Transitional Water east of Japan. Other sta-
tions with high total densities were 221,000 pieces/km? at lat. 38°55'N,
long. 135°58'E in the Japan Sea; 217,300 pieces/km? at lat. 37°58'N, long.
52°00'E near the Subarctic Front east of Japan; and 202,700 pieces/km? at
lat. 40°00'N, long. 174°30'E near the Subarctic Front in the central North
Pacific. Total densities differed significantly among water masses (H =
1221.482; n = 203; df = 4; P < 0.05; Table 1). Multiple comparisons indi-
cated that densities were: Japan Sea/nearshore Japan Water = Subtropical
Water = Transitional Water > Subarctic Water > Bering Sea Water.

Concentration

Total concentrations of neuston plastic generally were low, with high
concentrations recorded at only four stations in Transitional Water, at two
stations in nearshore water east of Japan, and at one station in Subarctic
Water; total concentrations at the other stations with plastic generally
were <10% of the highest concentration (Fig. 2). The highest total concen-
tration was 3,941.8 g/km? at lat. 40°00’N, long. 171°30'E near the
Subarctic Front in the central North Pacific. Other concentrations >1,000 .
g/km? were 3,007.9 g/km? at lat. 37°58'N, long. 152°00'E near the Subarctic
Front east of Japan, 1,979.1 g/km? at lat. 35°59'N, long. 152°00'E in
Transitional Water east of Japan, and 1,048.5 g/km? at lat. 28°20'N, long.
162°20'W in Subtropical Water north of the Hawaiian Islands. Total concen-
trations differed among water masses (H = 120.604; n = 203; df = 4: P <
0.05; Table 1). Multiple comparisons indicated that concentrations were:
Subtropical Water = Japan Sea/nearshore Japan Water = Transitional Water >
Subarctic Water > Bering Sea Water. The similarity in patterns between
total densities and total concentrations is understandable, considering the
strong correlation between these two parameters (Spearman’s R = 0.905; Z =
12.861; n = 203; P < 0.05; Conover 1980; Zar 1984). The Pearson'’s product-
moment correlation between these parameters was not as high, however (r =
0.544; n = 203; P < 0.05).

Pellets

In the plastics industry, plastic resins commonly are manufactured as
cylindrical pellets a few millimeters in size. Later, these pellets are
melted and molded into finished products. Pellets were uncommon, being
recorded only 12 times (5.9% of total stations and 10.0% of stations with
plastic). Pellets were absent in the Bering and Japan Seas, were recorded
only once in Subarctic Water, and were recorded primarily in Transitional
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Water and in nearshore water east of Japan (Fig. 3). The highest density
was 6,500 pieces/km? at lat. 28°20’'N, long. 162°20'W in Subtropical Water
north of the Hawaiian Islands. The density of pellets differed among water
masses (H = 22.996; n = 203; df = 4; P < 0.05; Table 1). Multiple compar-
isons were confusing, however, in that none of the individual water masses
were significantly different. We suspect that the significant result was
an artifact of the presence of pellets at both of the two stations in Sub-
tropical Water. Consequently, the mean rank in this water mas$s was much
higher than those in the other water masses, although the small sample size
made it impossible to prove that significant differences actually existed.

Fragments

Fragments are small pieces of plastic broken from larger pieces
(excluding Styrofoam). This category included primarily chips and pieces
of sheets. Fragments were common, being recorded at 106 stations (52.2% of
total stations and 88.3% of all stations with plastic). Fragments were
common except in the Bering Sea and occurred in highest densities in near-
shore water east of Japan and in and around the Subarctic Front; densities
were lower in the Japan Sea and Subtropical Water and were much lower in
Subarctic Water (Fig. 4). The highest density was 288,000 pieces/km? at
lat. 35°59'N, long. 152°00'E in Transitional Water east of Japan. Other
stations with high densities of fragments were 202,700 pieces/km? at lat.
40°00'N, long. 174°30'E near the Subarctic Front in the central North
Pacific; and 199,000 pieces/km? at lat. 37°58'N, long. 152°00'E near the
Subarctic Front east of Japan. The density of fragments differed
significantly among water masses (H = 113.587; n = 203; df = 4; P < 0.05;
Table 1). Multiple comparisons indicated that densities were: Japan
Sea/nearshore Japan Water = Subtropical Water = Transitional Water >
Subarctic Water > Bering Sea Water.

Styrofoam

This category included all pieces of pieces of foamed plastic; based
on observed color and texture, we believe that all of this plastic was
polystyrene. Styrofoam was uncommon, being recorded only 26 times (12.8%
of total stations and 21.7% of stations with plastic). It was recorded in
all locations ‘except the Bering Sea and Subtropical Water, and occurred in
highest densities in the Japan Sea and nearshore water east of Japan. It
was a "transitional/nearshore Japan species," being recorded outside of
this area only five times (Fig. 5). The highest density was 99,500
pieces/km? at lat. 36°37'N, long. 131°54'E in the Japan Sea. Other sta-
tions with high densities were 82,200 pieces/km? at lat. 38°55'N, long.
135°58’E in the Japan Sea; and 65,400 pieces/km? at lat. 34°49'N, long.
144°55'E off the eastern coast of Japan. Densities of Styrofoam differed
significantly among water masses (H = 52.967; n = 203; df = 4; P < 0.05;
Table 1). Multiple comparisons indicated that densities were: Japan
Sea/nearshore Japan Water > Transitional Water = Subarctic Water =
Subtropical Water.
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. Polypropylene Line Fragments

Polypropylene line fragments are small, woven pieces of large
synthetic lines that are used as deck lines on fishing boats and cargo
ships. Polypropylene is the most commonly used plastic for these applica-
tions. These line fragments were uncommon, being recorded 15 times (7.4%
of total stations and 12.5% of stations with plastic). Polypropylene line
fragments occurred primarily in and near the Subarctic Front and in Transi-
tional Water; they were absent in the Japan Sea and in Subtropical Water
(Fig. 6). The highest density was 8,400 pieces/km? at lat. 41°09'N, long.
170°00'E near the Subarctic Front in the central North Pacific. We failed
to reject the null hypothesis that the density of polypropylene line frag-
ments did not differ significantly among water masses (H = 3.597; n = 203;
df = 4; P > 0.05; Table 1), probably because densities were low everywhere.

Miscellaneous Lines/Threads

Miscellaneous lines and threads included unidentified woven line frag-
ments and (especially) monofilament lines that were from either gillnets or
monofilament fishing line. We do not know what type of plastic they were,
but they probably were not nylon, as it does not float (Carpenter 1976).
Miscellaneous lines/threads were somewhat common, being recorded 44 times
(21.7% of total stations and 36.7% of stations with plastic). They were
recorded in all but Subtropical Water, with the highest densities occurring
east of Japan and near the Subarctic Front (Fig. 7); they possibly may be
fragments of line used by squid jiggers, which fish in this area. The
highest density was 40,500 pieces/km? at lat. 47°59'N, long. 166°41'E in
western Subarctic Water. Densities of miscellaneous lines/threads differed
significantly among water masses (H = 24.607; n = 203; df = 4; P < 0.05;
Table 1). Multiple comparisons were confusing, however, in that those
water masses with the largest difference in mean ranks were not signif-
icantly different, whereas water masses with smaller differences in mean
ranks were significantly different. The two water masses that were signif-
icantly different were Transitional Water > Bering Sea Water, two with
large sample sizes (60 and 66, respectively). We suspect that other water
masses were different but that sample sizes in most were too small for the
multiple comparisons to show significant differences. The pattern of mean
ranks (in descending order) was: Japan Sea/nearshore Japan Water, Transi-
tional Water, Subarctic Water, Bering Sea Water, and Subtropical Water.

Colors of Neuston Plastic

Most neuston plastic was transparent. This color was recorded 785
times (44.3% of the total 1,774 pieces and 44.9% of plastic of identified
color). White plastic also was abundant, being recorded 610 times (34.4%
of the total and 34.9% of plastic of identified color), followed by blue
(128 pieces; 7.2% of the total and 7.3% of plastic of identified color),
black/gray (74 pieces; 4.2% and 4.2%), green (62 pieces; 3.5% and 3.5%),
and tan (45; 2.5% and 2.6%). The colors brown (17 pieces; 1.0% and 1.0%),
red/pink (13 pieces; 0.7% and 0.7%), yellow (8 pieces; 0.5% and 0.5%), and
orange (5 pieces; 0.3% and 0.3%) were rare in occurrence. Miscellaneous or
unidentified colors occurred 27 times (1.5%).
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DISCUSSION

The distribution of neuston plastic results from two main phenomena,
heterogeneous geographic input of plastic and subsequent redistribution by
currents and winds. In addition, a phenomenon of unknown importance is the
in situ decomposition of plastic in the ocean.

It appears that there is heterogeneous geographic input of neuston
plastic, with much of it originating in the western Pacific. This conclu-
sion is indicated by the high densities in and around the Japan Sea and
nearshore Japan, where the highest densities of both neuston plastic and
marine debris (Day et al. 1990) were recorded. The most polluted water in
this area were Tokyo Bay (which had far more plastic than Day has ever seen
elsewhere in the Pacific--he was unable to sample there) and localized
areas in the Japan Sea. At the other extreme was the poorly populated
Bering Sea area, where low rates of input probably occur. The low human
population around much of the Gulf of Alaska probably contributes to the
low densities there, also.

After entering the ocean, however, neuston plastic is redistributed by
currents and winds. For example, plastic entering the ocean in Japan is
moved eastward by the Subarctic Current (in Subarctic Water) and the Kuro-
shio (in Transitional Water, Kawai 1972; Favorite et al. 1976; ‘Nagata et
al. 1986). 1In this way, the plastic is transported from high-density areas
to low-density areas. In addition to this eastward movement, Ekman stress
from winds tends to move surface waters from the subarctic and the sub-
tropics toward the Transitional Water mass as a whole (see Roden 1970: fig.
5). Because of the convergent nature of this Ekman flow, densities tend to
be high in Transitional Water. In addition, the generally convergent
nature of water in the North Pacific Central Gyre (Masuzawa 1972) should
result in high densities there also.

One point that is not entirely clear is the cause of the low densities
of neuston plastic in Subarctic Water. Part of the reason for these low
densities is the apparently low input from shipping in this area: densities
of both neuston plastic and marine debris in this area are low, suggesting
little input from ships. The role of the divergent Alaska Gyre in helping
to maintain these low densities is unclear, however. For example, neuston
plastic tends to concentrate near the edges of the subarctic water mass,
with little occurring in its center (Fig. 1), as would be expected for an
upwelling gyre. On the other hand, the rate of vertical advection (in the
low hundreds of meters/year, with downwelling occurring much of the year;
T. C. Royer, Institute of Marine Sciences, University of Alaska, Fairbanks,
Alaska, pers. commun.) is much lower than the rate of lateral advection
(ca. 3,000 km/year at a speed of 15 cm/sec; Favorite et al. 1976), which
should result in upwelling having little effect on the distribution of
neuston plastic in this gyre.

A third factor, and one of unknown importance, is the in situ decompo-
sition of larger marine debris plastic into small neuston plastic. As
discussed by Day and Shaw (1987), the small percentage of raw plastic
pellets and the high correlation between abundances of debris plastic and
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neuston plastic suggested that in situ decomposition was occurring.
Although the present study did not test this hypothesis, we believe that
the in situ decomposition of plastic can be important. The large pool of
debris plastic and neuston plastic (particularly fragments) in Transitional
Water probably is resident for a long period of time and appears to be
decomposing there. For example, our impression was that transparent
neuston plastic in this area tended to be opaque on the surface, to have
more surface crazing (Gregory 1978, 1983), and to be more brittle than did
most from Subarctic Water, where it tended to be more transparent on the
surface and more pliable. The same phenomenon was true for much of the
marine debris plastic in Transitional Water, where it was heavily bleached
and heavily encrusted, suggesting long residence time. In reality,
however, chemical weathering (leaching of plasticizers from the plastic
matrix, causing the remaining plastic to be brittle and more susceptible to
mechanical weathering), thermal weathering (increasing the rate of chemical
weathering), and solar weathering (from strong sunlight) probably are most
important in the in situ production of fragments of neuston plastic in
Transitional and Subtropical Waters, whereas mechanical weathering (from
rough seas) probably is most important in stormier Subarctic Waters.
Finally, thermal (i.e., freezing) and mechanical weathering probably are
most important in the stormy, cool Bering Sea, which is ice-covered in
winter.

Frequencies of colors of neuston plastic in the North Pacific differed
from frequencies of colors of neuston plastic ingested by seabirds (Day et
al. 1985). For example, white, yellow, tan, and brown neuston plastic
(light colors) represented only 40.0% of total identified neuston plastic
in the ocean, whereas it represented 85.0% of neuston plastic ingested by
seabirds. One of the largest differences was in tan plastic, which
composed only 2.6% of the identified neuston plastic in the ocean but 55.1%
of the neuston plastic eaten by seabirds. The largest difference was in
transparent plastic, which represented 44.9% of the identified neuston
plastic in the ocean but was not found in seabirds. Transparent plastic is
not eaten by birds, probably because of difficulty in seeing it at sea (Day
et al. 1985).

Neuston plastic can enter food chains when it is mistaken for prey
(Day et al. 1985), especially where it becomes concentrated near important,
localized prey. For example, there appeared to be a relationship between
high densities of neuston plastic and high densities of water-striders,
Halobates sericeus (Insecta: Gerridae) in Transitional and Subtropical
Waters. These marine insects live at the surface of the ocean and are
eaten by at least nine species of tropical seabirds that breed in the
Hawaiian Islands and feed in these water masses. Water-striders are espe-
cially important prey of blue-gray noddies, Procelsterna cerulea, Bulwer's
petrels, Bulweria bulwerii, and Bonin petrels, Pterodroma hypoleuca, with
the latter two species also containing significant amounts of neuston
plastic (Harrison et al. 1983; Cheng et al. 1984). We suspect that these
insects are moved slowly into microscale convergences at the same time that
plastic and other organisms are. For example, the density of water-
striders was 136,000/km? at one station where the density of neuston
plastic was 113,300 pieces/km?; the highest density of water-striders was
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ca. 250,000/km? (Day unpubl. data). Given the co-occurrence of water-
striders and neuston plastic in some tropical seabirds, we suggest that
many of these birds are feeding in these microscale convergences, where
they are picking up water-striders, other plankters, and neuston plastic.
Indeed, Day has seen surface-feeding planktivorous seabirds (phalaropes and
storm-petrels) feeding in large numbers in microscale convergences in the
Oyashio-Kuroshio Confluence. These convergences contained visible lines of
kelp wrack, plastic, and other marine debris. -

Another group that ingests neuston plastic as well as planktonic prey
in coastal and oceanic microscale convergences is sea turtles (Carr 1987).
Young turtles apparently feed in these convergences during the first year
or more at sea, when they drift with the currents and hence act much like
neuston plastic. (During this period they also may become entangled in
marine debris plastic.) Later, as they become older, these turtles both
ingest larger pieces of marine debris plastic and become entangled in
marine debris plastic (Balazs 1985).

Microscale convergences may be found in many areas of the world ocean
(e.g., Owen 1981; Bourne and Clark 1984), and they may occur in areas
different from the general areas of concentration discussed above. From
our experience, microscale convergences concentrating neuston plastic are
near lat. 28°-29°N north of Hawaii; in and near the Subarctic Front as
microscale ephemeral convergences; in the complex Oyashio-Kuroshio
Confluence east of Japan (including the ephemeral, mobile warm-core and
cold-core rings; Nagata et al. 1986); at scattered locations in the Japan
Sea; and probably in and around the Subtropical Front (i.e., around lat.
30°-32°N).

Perhaps the most impressive microscale convergences are in and around
the Subarctic Front. Here, dynamic instabilities in surface layers (Roden
1970) create numerous ephemeral convergences in the zone lat. 37°-42°N and
in the Oyashio-Kuroshio Confluence east of Japan. This juxtaposition of
high biological productivity, physical complexity, large numbers of
seabirds that ingest neuston plastic, and large amounts of neuston plastic
increases the possibility of ingestion of that plastic.
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